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AL 
ABSTRACT 


Some parameters affecting the design and construction 
of pyrolysis units incorporating a temperature range are 
discussed, Two types of varlable temperature range pyrolyzers 
were constructed, It was found that while the variable range 
pyrolyzers were more versatile, they were not as useful for 
the identification of an unknown compound by pyrolysis, as 
is an isothermal reactor, A temperature gradient reactor 
was found to be the most eee ae reactor, and is suitable 
for use in a rapid PGC "poor marfs mass spectrometer", 

Two gold tubing reactors of different diameters were 
also constructed, The pyrolysis results that were obtained 
from operating the gold tubing isothermally were found to 
@itier only slignvly from those obtained in quartz Tubing 2c 
the same extent of pyrolysis, However, it was noticed that 
the gold tubing required a higher temperature to result 
Mite same extent of pyrolysis, Inis temperature dizierence 
is possibly due to kinetic effects of the wall of the tube, 
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PYROLYSIS GAS CHROMATOGRAPHY AND VARIABLE 


TEMPERATURE PYROLYZERS 


1, INTRODUCTION 
1.01 GENERAL BACKGROUND 


The use of pyrolysis combined with gas chromatography 
(PGC) is an established technique in analytical chemistry 
(20). The technique has been used to examine a wide var- 
iety of materials -=- both volatile and non-volatile, 

PGC has been extensively reviewed (7, 18, 20, 24), 
and the authors of several recent books have discussed it 
(9, 15, 22, 26). Most of these articles have concentrated 
on the techniques and equipment associated with the pyrolysis 
of non-volatile substances such as polymers, However, the 
more recent reviews cover the advances in the pyrolysis of 
volatile materials also, Levy (20) reviewed the literature 
up to September 1965, and included such topics as reactor 
design and the reproducibility of fragmentation patterns for’ 
the pryolysis of volatile materials, 

Recently, the analysis of volatile materials by PGC 
has received increasing attention, Keulemans and Perry 
(17) investigated the cracking of several hydrocarbons in 
a quartz reactor, Sutton and Harris (28, 29) investigated 


the effect of several reactor parameters and suggested 
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optimum temperatures for the pyrolysis of several substances, 
Fanter, Walker, and Wolf (10) pyrolyzed several hydrocarbons 
in gold tubing and suggested a systematic method for the 
presentation of PGC data, The method that they suggest is 
to group the products of pyrolysis between stated inter- 
vals, according to retention index, and to report the 
normalized mole areas of the peaks found in each interval, 
The method of normalization is similar to the method used 
in reporting mass spectrometry data where the normalized 
peak heights are reported as a function of mass to charge 
ratios, At least two theses have been written on various 
aspects of PGC, Goforth (14) discusses reactor and 
equipment design for a rapid PGC system using a quartz 
reactor, Cramers (2) discusses some design considerations 
for a gold tubing reactor and the kinetics of pyrolysis 
reaction, He also gives pyrolysis data for several hydro- 


carbons, 


1,02 REQUIREMENTS OF A PGC SYSTEM 


Since the study of volatile materials by PGC is a 
new field, there is little agreement among the various 
workers on the optimum design of a pyrolysis systemor even 
on standard conditions for pyrolysis. Thus the data 
accumulated by various workers can only be compared in a 


qualitative manner. The various systems differ so widely 
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that comparisons are often meaningless, since the fragment- 
ation pattern is dependent on the reactor, and the various 
reaction parameters, Levy (21) describes the situation 


aptlys 


"It becomes essential at this stage of development 

of PGC to focus our attention on those design feat- 

ures of pyrolysis units which control the course of 

the pyrolysis processes and provide the most desir-~ 
able conditions for maximum interlaboratory reproduci- 
bility and correlation between the structure of 
pyrolysis materials and the composition of the 
products, ” 

When a compound is pyrolyzed it is fragmented into 
several smaller, more volatile compounds that are usually 
simpler and more unsaturated than the parent compound, 

The fragmentation pattern is, ideally, characteristic of 
the structure of the parent; thus, indentifying the fragments 
should result in the indentification of the parent compound, 

Because the fragments are usually volatile they are 
readily analyzed by gas chromatography, and the resultant 
pyrogram can be used to deduce the structure of the parent 
compound, A system such as that in Figure 1,01 can there- 
fore be used to separate an unknown, and then to identify 
each peak from the first chromatograph by the combined 
pryolysis-gas chromatograph of the second step (ah). 

Since the structural information obtained from such a 
system is similar to that obtained from mass Spectroscopy, 


and since the system is much less expensive, PGC has been 


called “the poor man’s mass spectrometer”, 
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Figure 1.01 A PGC system for the sep 
an unknown compound. A. Block diagra 
output of GC 1. C. Recorder output of G 
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ation and identification of 
f the system. B. Recorder 
¢ 2. From Goforth (14) 
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In practice, the aoe a is seldom easy to interpret 
in an absolute manner, since factors such as reactor tem 
perature and the time the sample spends in the pryolysis 
zone can change the product distribution considerably, 
However, even when rigorous correlation between the 
identity of the fragments and the structure of the parent 
compound cannot be made, the fragmentation pattern gives a 
"fingerprint" of the parent which can be used for identif- 
ication by comparison, using a file of fingerprints obtained 
from known compounds, 

Since the fragmentation pattern depends on the reaction 
conditions, most studies of PGC have stressed the need for 
accurately knowing the reaction conditions and controlling 
them carefully. Therefore, before building a pyrolyzer it 


is necessary to know what is required of the system and how 
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the basic reactor parameters affect these requirements, 


Some of the basic requirements are: 

Hee The fragmentation pattern should be characteristic of 
the parent compound and sufficiently reproducible that 
a fingerprint file of results obtained from various 
laboratories could be used for the identification of 
unknowns, The best characterization is obtained by 
using a combination of long residence times, and as 
low a reactor temperature as possible to achieve the 
desired amount of pyrolysis, The low temperature 
minimizes the formation of products such as methane, 
ethylene, propane and propylene which are formed by 
nearly all organic compounds at high temperatures, 
These simple products are therefore usually of 
Minimal diagnostic value, 

oe The sample should be as small as possible, and yet 
must be large enough to yield measurable and ident- 
ifiable peaks upon pyrolysis, If the sample size 
becomes too large, secondary reactions and recombin- 
ation products begin to interfere with the examination 
of the products of the primary fragmentation, The 
optimum sample size is such that there is no more 
than one sample molecule per thousand molecules of 
carrier gas (11) -- this is normally slightly less 
than one microliter of sample with the usual carrier 


gas flow rates, To obtain measurable and identifiable 
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peaks and still be able to inject samples of less 
than one microliter, it is necessary to use higher 
reactor temperatures and thus increase the extent of 


pyrolysis, For PGC to be useful as an analytical 


method for the effluents of a previous chromatograph, 

1t is desirable that the extent of pyrolysis approach 

one hundred percent pyrolysis. 

Bis The reactor should be versatile enough to be used to 
pyrolyze a wide range of compounds without requiring 
extensive or time-consuming changes of the equipment, 

he, In addition to the above it is desirable that the 
reactor be inexpensive, relatively simple to construct, 
and of a design such that it can be easily duplicated 
in other laboratories, 

ir A less important feature at the present time, but 
one that may become important in the future, is that 
the automation of the PGC system should be possible 
without extensive changes, 

Because many of these factors are mutually exclusive, 
some compromises must be adopted, It has been the practice 
of individuals to adjust the pyrolysis to the optimum for 
each individual analysis that they run, Since the opinions 
of various individuals differ as to what constitutes an 
optimum, this has led to results which cannot be compared 
except in a qualitative manner, 

Up to the present time, the analyses of volatile 


materials has been carried out using a reactor operated 
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isothermally. Goforth (14) suggested that there may be some 


advantage is using a range of temperatures for pyrolysis, 

A known range of temperatures should be just as definitive 
and just as reproducible as a single temperature, A reactor 
incorporating a known range of temperatures would hopefully 
approach the "ideal reactor” more closely -- a reactor in 
which every compound is pyrolyzed under optimum conditions, 
The more easily pyrolyzed compounds would pyrolyze in the 
part of the reactor maintained at a lower temperature, and 
the more stable compounds would pass through the lower 
temperatures andpyrolyze in a region of higher temperatures. 
Thus all compounds would be pyrolyzed at more nearly their 
optimum conditions, The assumption inherent in this method 
is that once a compound is pyrolyzed, further secondary 


breakdown is minimized. 
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2. PYROLYZER DESIGN 


2.01 GENERAL CONSIDERATIONS 


The design of a pyrolysis unit is seemingly a simple 
mechanical operation, Therefore many people are tempted to 


just build a reactor, without having any specific design 


considerations in mind, They then measure the reactor, and 
calculate the necessary reactor parameters from their finished 
design, This method often gives a reactor that yields useful 


results, and therefore improved reactor designs are not sought, 


To achieve optimum conditions with such a reactor, however, 

would be a matter of chance, If interlaboratory reproducib- 

ility of results is to be obtained the pyrolyzer design 

must be standardized enough and versatile enough that it can 

be used with little modification in all laboratories, Because 

of the versatility that is inherent in the design of a reactor 

with a temperature range, a reactor of this type should prove 

to be more useful than a reactor that is operated isothermally. 
Pyrolyzer units incorporating a temperature range can 

be classified into two general types according to the shape 

of their temperature profile -- stepped temperature reactors 


and temperature gradient reactors, 


Stepped Temperature Reactor 
The type of temperature profile in Figure 2,01A has 


been obtained with filament pyrolyzers by programming the 
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‘igure 2.01 Temperature-time profiles of two types of stepped 
temperature reactors. A. Gontinuous. B. ee ene 

filament voltage in increments at predetermined times, 

Coa weet) The normal method of operation is to coat the 
substance to be analyzed (usually a polymer) onto the 
filament, The temperature is then raised in steps, and the 
effluent gases released at each temperature are analyzed 
by chromatography. Enough substance can be coated onto 

the filament to span several temperature increments, and 
the duration, and magnitude of each increment can be easily 
controlled. . 

Although the temperature-time profile for a filament 
operated in this matter is a stepped profile the principle 
of operation is different from what is desired in a flow 
reactor, If a flow reactor were operated so that the temp- 
erature was increased at set intervals, the effect would be 
to expose the sample to a temperature range -- not a series 


of isolated isothermal steps as with the filament reactor, 
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It would be impossible to distinguish the products formed 
at one temperature from those formed at any other temperature, 
In addition, to achieve reproducibility of temperature and 
residence time, it would be necessary to synchronize the 
injection of the sample with the programming of the voltage 
to the heating coil, It would also be necessary to have a 
method of setting the flow accurately from day to day, The 
experimental problems involved in doing this are so great 
that programming the voltage in steps is ruled out as a 
practical method of achieving the desired temperature 
protate, 

An easier way to obtain the desired temperature profile 
for the pyrolysis of volatile materials is to connect several 
isothermal reactors together, This gives a reactor with the 
desired profile although it may have breaks between the steps. 
(Figure 2.018) If several reactors are connected to form 
@ larger reactor the problem of designing a reactor with a 
temperature range reduces to designing several isothermal 
reactors and connecting them efficiently. 

Residence time calculations are straightforward, and, 
Since the temperature of each step can be specified, 
comparisons with isothermal data are facilitated because the 
method of reporting isothermal conditions is in terms of 
temperature and residence time, It is simple to change the 
temperature of the steps and thus investigate the effects of 


various temperature profiles, Also, several of the steps 


can be operated at the same temperature to give an isothermal 
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reactor, This makes the comparison of results between 
stepped temperature operation more convenient and useful, 
Since systematic differences due to differing construction 
of the reactors are minimized, 

An ideal stepped temperature reactor would consist 
of a large number of steps, each step slightly higher in 
temperature than the preceding step. This is impractical 
however, Since it would result in a large precolumn dead- 
Space, and make the experimental apparatus extremely 
complicated. The number of steps must therefore be re- 
stricted to a reasonable number (three to six). This means 
that if it is desired to have a large temperature range withe 
in the whole pyrolyzer unit, each step must be considerably 
higher in temperature than the preceding step, Since the 
amount of pyrolysis changes strongly with temperature over 
a@ narrow temperature range (Figure 2,02) this results ina 
compound pyrolyzing only a small amount in one step and being 
extensively pyrolyzed in the next step, Obviously this is 
little improvement over operation under isothermal conditions, 

The above defect can be remedied by decreasing the total 
temperature range of the pyrolyzer, so that the reactor is 
composed of several steps differing by small temperature 
increments, However, the wersatility of the reactor is then 
impaired since only a limited range of samples can be 


pyrolyzed without changing the whole pyrolyzer temperature 


range. 


wo | 2. 


50 


Pe] 
“S ¥ i 

psd 0 ‘ vepepis neat nae eed nate Far vrrmalenemmere! creme ST eID 
3 §20 


580 640 


1p [= MPERATURE =C 


Figure 2.02 Extent of pyrolysis as a function of temperature for 
2,2-dimethylbutane in a quartz reactor. Residence time ~ 6.8 seconds. 


Temperature Gradient Reactor 


A reactor with a linear temperature gradient was the 
type of temperature profile originally suggested by 
Goforth (14). <A reactor with this type of profile is sin- 
jlar in concept to the programmed filament of Dal Nogare (6) 
and can be constructed with either of the profiles indicated 
in Figure 2,03. 

At a first glance these two types of profiles may seem 
to be equivalent, since time is proportional to distance 
along the reactor; however, two different types of con- 


struction are implied by the figures, 
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Figure 2.05 Temperature profiles for a gradient reactor. 
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Figure 2.04 Two possible types of coil windings for use in a 
temperature gradient reactor. A. Uniform coil winding. B. Coil 
density increasing with distance. 


Goforth suggested that a reactor with a profile similar 
to that in Figure 2,03A could be constructed by winding a 
tube with a wire such that the coil density increased, 
(Figure 2,04B) This increase could be in the form of some 


mathematical function (example: a logarithmic function). 


The profile exhibited by this winding should then be similar 


to the shape of the mathematical function to which it is 


wound, 


Another possible method of achieving the gradient 
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profile is to change the eeeaeuRe with time (Figure 2,03B) 
by programming the voltage of a heating coil with uniform 
coil density (Figure 2,04A), This would result in the 
temperature of the entire pyrolyzer being increased, The 
programming is accomplished by using an ordinary wire wound 
isothermal reactor and switching the power supplied to it 


(Figure 2,05) from a low voltage to a higher voltage, 


Figure 2.05 Temperature-time profile for a gradient reactor programmed 
by switching from a low voltage(, ) to a higher voltage(V,)e 


A reactor with a gradient profile has the advantage of 
being more nearly ideal than a stepped reactor, The 
gradient reactor has a continuous temperature range which 
can be specified (°C/em, °C/sec) and should be able to be 
duplicated easily, However, to cover a reasonably large 
temperature range it is necessary either to program at an 
extremely fast rate (up to 15°C/second) or build a long and 


cumbersome reactor, Programming at a fast rate is difficult 
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and much of the advantage of this type of reactor is Lost, 
because the conditions change so rapidly that it is im- 
possible for the carrier gas to be in continual thermal 
equilibrium with the walls of the reactor -=-j thus the 
actual reaction conditions are unknown, On the other hand 
@ long reactor is not desirable because it introduces 
excessive pre-column dead space, It is therefore necessary 
to adopt some compromise either in the temperature range to 
be covered, or in the construction of the reactor, 

Because the temperature ina gradient reactor is 
continuously changing the linear flow rate is also con- 
tinously changing, Therefore the calculation of the 
residence time is no longer straightforward. The time spent 
in the pyrolysis zone can be calculated, but the value cal- 
culated cannot be interpreted as a normal residence time 
Since the temperature of the reactor is also changing. 
Because a single value for the temperature and the residence 
time cannot be specified it is difficult to make meaningful 


comparisons with existing isothermal data, 


2.02 DESIGN CONSIDERATIONS 


Before building a reactor it is necessary to decide 
what is required of the reactor and how to achieve the 
desired performance, However, the design is influenced by 
so many factors that it is inevitable that compromises 


with ideality must be made to achieve practicality, This 
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makes standardization of reactor Design difficult ,. butvift 
a reactor is planned carefully these compromises should not 
have much adverse effect on the reactor performance, 

Some of the basic considerations that must be taken 
into account when designing a pyrolyzer are the material of 
construction and the physical dimensions of the Peactor, 
the temperature, the temperature profile, and the residence 


time, These are discussed in more detail in the following 


pages e 


Material of Construction 


Various workers have used just about every material (2, 
10, 20) that meets the prime requirement of high temperature 
stability. However, many of these materials exhibit catalytic 
attivity, which tends to obscure the fragmentation due to 
pyrolysis. Therefore the pyrolyzer should be non-catalytic 
or only slightly catalytic, which reduces the materials of 
construction to quartz and gold. Recent studies have indic- 
ated that gold is probably the best material for the construct- 
fon of pyrolyzers (2, 3, 10); however, since it is consider- 
ably more expensive than quartz, it would likely only be used 
when a particular design had been proven, In certain cases 
gold cannot be used, For instance, if it 1s desired to build 
a pyrolyzer that is heated by a coil of resistance wire 


wrapped around the pyrolyzer tube, it would be necessary to 


use a non-conducting material such as quartz, or use insulation, 


However, it is not enough just to insulate the metal tube 
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because insulation tends to destroy the uniformity of the 


temperature profile unless it is uniform in thickness, 


Physical Dimensions 


Because the pyrolyzer in a PGC system is a pre-~ 
analytical column attachment it is desirable to have a 
pyrolyzer with as low a volume as possible since this keeps 
the pre-column deadspace and the resultant spreading of the 
sample by longitudinal diffusion to a minimum, The effect of 
sample spreading is to increase the sample injection time 
onto the analytical column, which leads to poor column 
performance, The use of temperature programming with the 
analytical column enables longer injection times to be 
tolerated (15), and thus makes it possible to use a pyrolyzer 
with a significant volume, However, if the precolumn volume 
is kept to a minimum the system can often be simplified, 
for instance a shorter length of column may be able to be 
used or the column may not have to be programmed over a 
Wide temperature range, 

The best reactor is a reactor with a large length to 
diameter ratio (i.e. a long narrow tube) (2, 14, 20). 
Goforth and Cramers both calculate that the ideal square 
temperature profile is best approximated by a small 
diameter tubular reactor, This result is not unexpected 
Since this is the shape which would assure the fastest 


temperature equilibration with the hot walls of the reactor, 
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Even though a long, narrow diameter tube is the ideal, it 
may be advantageous in certain circumstances to sacrifice 
some of this ideality. A reactor with a large length to 
diameter ratio also has a large area to volume ratio, The 
large surface area therefore assures that catalytic or 
other effects,if significant, will be amplified (2). The 
result would be a fragmentation pattern that was partly due 
to catalysis rather than "pure pyrolysis", This makes the 
pattern Aue a sae interpret and to reproduce, since 
impurities could change the catalytic effects greatly. 
For these reasons it may be desirable to avoid narrow 
diameter pyrolysis tubes. 

The minimum tube radius that can be used may be 

limited by the availability of various tube sizes for the 
construction material selected, Similarily the material of 
construction and space requirements may limit the length of 
the reactor, It may be necessary to use larger radius tubes 
than ideal to build the reactor into the most compact space, 
For example, a wire wound quartz tube cannot be bent without 
destroying the uniformity of the temperature profile. 
Therefore, it 1s desirable to use larger radius tubes than 


would otherwise be used to fit the reactor into a reasonable 


space, 
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Temperature and Temperature Profiles 


The ideal temperature profile for an isothermal reactor 
is a square profile (Figure 2.06). In practice this can 
only be approximated since it is impossible to change the 
temperature instantly. The flow rate of the carrier SAS, 
the pyrolyzer dimensions, and the method of heating all 
influence the squareness of the profile. 

According to Levy (20) the flow rate should be low 
Since high flow rates tend to distort the temperature 
distance profile, (Figure 2.07B) although this effect is 
minimized by the use of small diameter tubes, The expected 
variation of the temperature profile with increasing tube 
radius is shown in Figure 2.07A,. The profile is thus 
Supposedly “most square" for a combination of low flow 
rate and small diameter tubing. However, Goforth (14) 
has found that the temperature-time profile is best (that 
is, the ratio of the transition time to the residence time 
is the lowest) for a combination of high flow rates 
and long,small diameter reactors. He also warns against 
using only the length of the transition zone to determine 
the optimum flow rate, since the wrong conclusion (low 
flow rates are best) would be drawn, 

The time that the gas takes to come to thermal equil- 
tbrium with the walls of the reactor can be calculated 
by the method of Giddings (13) and Rummens (25) using the 


Einstein diffusion equation, Using their method it is 
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Figure 2.06 Idealized temperature profile for an isothermal pyrolyzer 
showing how the actual profile differs from the ideal profile. 


t 
TRANSITION | 
| 


ae 


Ls.t 


f= 


possible to calculate a tube diameter which will assure 
that the time taken for heat tranfer is small compared 
with the residence time, It is then necessary to design a 
reactor so that the transition zones are also small compared 
to the residence time, This can be done by making the 
constant temperature zone large compared to the transition 
zones; using a heating method that has a sharp temperature 
front; or a combination of both methods, However, it must 
be recognized that some compromise will probably be nec- 
essary since the length of the constant temperature zone 
cannot be increased without affecting the other reactor 
parameters, 

The method used to heat the reactor can also influence 
the temperature profile, If the pyrolyzer is immersed in a 
furnace or heated by some other method which gives a sharp 


temperature front, the temperature profile will approach 
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Figure 2.0/7 Schematic presentation of expected temperature profiles 
along the axis of externally heated cylindrical microreactors. 

A, Expected profiles of microreactors of different internal diameters 
( Ry 7 Roy Rs) and same linear velocity of carrier gas. Be. Expected 
profiles of a microreactor operated at different linear velocities 

of the carrier gas (Vie None \a) assuming non-turbulent flow. 


(copied from Levy (20) ) 
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squareness, For the temperature front to be sharp no 
heating should take place prior to the entrance of the 
pyrolyzer, At the entrance of the pyrolyzer the temperature 
Should be the desired pyrolysis temperature, If, on the other 
hand, a wire wound reactor is used the transition Zones are 
broadened, because the reactor temperature does not increase 
as sharply as it does in a furnace reactor, The reason for 
this is that the ends of the wire coil tend to get stretched 
Slightly more than the middle of the coil does, thus the 
coil density at the ends is less and the temperature is 
lower, 

The temperature at which the pyrolysis unit is 
operated is dependent on the sample to be pyrolyzed, As 
was stated before there is no ideal temperature -- the 
optimum conditions are a compromise between temperature and 
residence time, For example, 85% pyrolysis can be obtained 
from 2,3-dimethylbutane under either of the following sets. 


of conditions with almost identical product distribution. 


Residence time = 27 sec Residence time = 7 sec 
Temperature = 575°C Temperature = 645°C 
Amount of pyrolysis 86% Amount of pyrolysis 89% 


However, if the temperature were increased much more, pro- 
ducts such as methane and ethylene would start to predominate 
more strongly relative to the other products, Correspond- 
ingly, to achieve the same amount of pyrolysis using a lower 
temperature it would be necessary to use very long residence 


times, 


Regardless of what temperature is used it 1s essential 
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that the temperature be accurately known, easily monitored 
and reproducible, This is easily accomplished in a good 
furnace reactor but can present difficulties in a wire 


wound reactor, 


Residence Time 


The other important reaction variable which must be 
accurately known and controlled is tne residence time, 
Sutton and Harris (28) found that long residence times 
(6 to 25 sec) give the best results; however much of the 
data in the literature has been obtained using short 
residence times(less than two seconds), 

To control the residence time accurately it is neces- 
Sary to control the flow rate accurately, Long residence 
times require either low flow rates or long pyrolysis tubes, 
However, Goforth (14) calculated that a high flow rate gives 
the most desirable ratio of the transition time to the 
residence time, Since a low flow rate is often not compatible 
with the optimum operation of the gas chromatograph in a 
PGC system, and long pyrolysis tubes are cumbersome, it is 
normally necessary to sacrifice the performance of either 
the gas chromatograph or the pyrolyzer unit, Since most 
of the data in the literature has been obtained at small 
residence times at isapparent that most workers, up to now, 
have elected to sacrifice the performance of the pyrolyzer, 


However, using a system similar to that used by 
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Goforth (14) it is possible to control the flow through the 
pyrolyzer and the analytical column separately. Thus, both 
may be operated under optimum conditions, With the flow 
through the pyrolyzer known, and controlled, it is possible 


to calculate without difficulty the time spent in the 


pyrolysis Zone. 


2,03 PRELIMINARY REACTOR DESIGN 


From the discussion in the previous section it would 
seem that a quartz tube heated by a coil of resistance wire 
would be an undesirable type of reactor, However, a 
reactor of this type has many advantages for use in a 
pyrolyzer incorporating a temperature range, First, quartz 
tubing is stable at high temperatures and possesses little 
catalytic activity, It is also readily available in various 


Sizes, Since a stepped temperature reactor requires several 


connected isothermal stages, it is more convenient, cheaper and 


and more conserving of space to use several wire wound reactors 


than to use several furnaces, A wire wound reactor also has the 


advantage that it is relatively easy to construct and is 


therefore easily replaced if broken, This type of reactor 


can also be easily converted to operation as a temperature 


gradient reactor by programming the heating coil. This 


facilitates comparison between stepped temperature operation 


and temperature gradient operation, Thus a wire wound 


reactor is an easily constructed, versatile reactor, It 


wot met ate vttir: fesaade rant tage otc ho dar it < 
éitieion at at. otioemen:- we “ows wosy Lom, mai og o 
an’ nt iméqe e483 and 2 ent tam 246 a7 Se ovaivel 

5 (aves ata 


PToet notesh-yeelietnat. £o.8 


¢ 


44 ed fe ed mae 


level? ptetenet % 47, ei iesieegr se ag 


ty itive Che ath. 2enery? aire %6°4R 
ey : ; , i Soren wesedos Tor? T6é2 7 a. 
4 nF 
‘«@¢ a] UP, oe 
| . tavaghat is =~ oi oeeu sf hd 


shins 4 


pee Seay Bhai wee ao 4e°048 . Pak. ang 
Prange < oy! ljout 460 Os?’ are ee 3? ae Sheen « «tcl ° 
Pioseeds am? lites ae ioetd’ she ase 4te%" Mionl i 


moeeet Teno we (ates! JFO bo BONO 10) Be res oils se 7 
or 7 
Ss ewer geile Ye’ ae wake ogiv & ecard detaeme “oe Om 


efésra- tae 8. CS al sae eioy hie. wt st 320g? 


povaact ag wee zat , tiisorat Tt ame Tope xetano§ sini) € 
Watters ate “obbtactidls oF tbarseviooa tiken ie: ie 

‘ear whted ytloagd 6h; Sihenstpata nd TodAANg 

7 roe meg sys, ecpustalveran Damyees aaryeen miter ve | 
eae ‘Site 6 ent, sodamtoge shasaranate sin 


| RE ean eeu 


: ¢ ‘ : 7 ml 


_ ion ~*~ _ 
as tena = ee aan 


AF ie 
was therefore decided to use this type of reactor in spite 
of the difficulties associated with it, 

Several preliminary reactors were built to determine 
‘the temperature profiles that could be obtained from 
various coil windings, At first, an attempt was made to 
wind the coil by hand, trying to space the coils evenly, 
This resulted in a reactor with a wildly varying temperature 
profile (Figure 2.08), Insulating the reactor made little 
difference ~- the temperature was increased but there was 
little improvement in the temperature profile, The con- 
clusion reached from this was that the winding must be 
uniform -- that is, the coil density (the number of coils 
per unit length) must be constant if a uniform profile is to 
be achieved, This was accomplished by using the following 
procedure for winding, A mandrel of the same size as the 
pyrolyzer tube was selected and the resistance wire was 
then wound as closely as possible (adjacent coils touching) 
around this mandrel, A length one-third to one-half of the 
desired coil length was wound end then the coil was stretch- 
ed to the desired length, The ends of the coil where the 
stretching was not uniform were cut off, The remaining coil 
was then removed and placed on the pyrolysis tube, When the 
coil was freshly wound there was considerable "“springiness"” 
and the coil had to be securely fastened, However, after 
the coil had been strongly heated several times this 
springiness disappeared, This method gave windings with a 


uniform coil density and thus resulted in a reactor with a 
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Figure 2.08 Temperature profiles of han 


fal 
wrapped witl 


1d wound reactors. A. Reactor 
asbestos tape, then coil wound onto the asbestos tape, then 
another layer of asbestos tepe added. B. Coil wound directly around 

tube and then insulated with asbestos(two layers). C. Same as B except 
that a glass 


jacket was placed around the pyrolyzer in addition to 
the asbestos insulation. 
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much more uniform temperature profile (Figure 2,09B), 

It was thought that if a coil could be wound and 
stretched so that there were windings of two different coil 
densities the resultant temperature profile would be stepped, 
To obtain this type of winding one-half of a closely wound 
coil was stretched a certain amount and the other half a 
differing amount (Figure 2.10). This did yield a step- 
ped profile, (Figure 2.09A) however there was some temp- 
erature fluctuation near the junction of the windings, This 
is probably due to the uneven coil density in this reszion 
Since non-uniform stretching results from having to hold 
this part while either end is stretched, A reactor with 
three steps was constructed in a similar manner, The pro- 
file of this reactor can be seen in Figure 2.09C, A step- 
ped temperature profile can be achieved by this method of 
winding: however, a reactor of this type has several 
disadvantages, 

1. The temperature of the individual steps can not be 
changed by changing the power applied without 
changing the temperature of all the steps, 
Therefore, the temperature of each step is not 
independently controllable. 

2, The total temperature range that can be covered is 
limited since a long reactor is necessary and 
such a reactor is inconvenient, and increases the 
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Ficure 2.10 Example of a wire wound reactor composed of winding 
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Teaperature profiles of some preliminary stepped reactors. 
reactor. B. Isothermal reactor. ©. Three stage reactor. 
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3. There is no way of predetermining the temperature 
of each step, The reactor must be built and the 
temperature of each step. measured, This means that 
Itemould. be difficult te duplicate a reactor, 

For the above reasons it was decided that a reactor 
consisting of isolated windings would be preferable Since 
then the temperature of each step could be controlled indep-= 
endently, and be Continuously variable, 

A reactor of several steps could be built in several 
configurations, it could consist of one long reactor with 
Several windings or several shorter separate reactors (see 
Firure 2ilb)S A configuration such @s! 2.114 creates 
several probiems, “Pirst,910 is clulsy, and takes woe 
large linear space, Measuring the temperature is difficult 


Since a long thermocouple is required, Also the length 
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Figure 2.11 Two possible confisurations for a stepped reactor consisting 
of several stages. A. Continuous reactor. b. Separate reactors. 
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A configuration such as 2,11B requires extra volume 
for connections but it has the advantages that the temper- 
ature can be measured more easily, the reactor can be built 
into a compact volume, and injections can be made into any 


one of the pyrolysis tubes, 


2.04 STEPPED TEMPERATURE REACTOR 


It can be seen from the preceding discussion that 
useful reactor design is a compromise between what is ideal 
and wnat is practical. When designing a reactor one is 
faced with a multitude of interconnected parameters -- 
changing one parameter results in changes in the other 
parameters, The design problems are considerably reduced 
if certain arbitrary decisions are made with respect to 
certain parameters and the other parameters adjusted 
accordingly. 

The first design decision that must be made fora 
stepped temperature reactor is the number of steps in the 
reactor, Ideally, the number -of steps should be as large 
as possible, but for practical reasons the number of steps 
must be kept reasonable, 

It was arbitrarily decided to build the reactor with 
four isothermal steps, This number is small enough that the 
total reactor size can be kept reasonably small and the heat~ 
ing apparatus uncomplicated, Four steps should also be 


enough to determine whether or not a stepped temperature 
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reactor is useful, Four reactors also allow a reasonable 
range of temperature across the whole unit and provide 
enough stages so the profile can be varied sufficiently to 
determine some effects of changing the temperature profile, 

Another parameter that can be arbitrarily fixed to 
facilitate design is the residence time, It has been 
found that the amount of pyrolysis and the fragmentation 
changes relatively little between six and twenty-five 
seconds residence time (17, 28) but changes sharply below 
about six seconds, Thus it is an advantage to use a 
reactor such that the residence time is in the range of 
six to twenty-five seconds since minor variations in 
residence time would not result in large variations in 
results, 

It was therefore decided to build the reactor so 
that each step had a residence time of five to seven seconds 
and the total residence time was about twenty-five seconds, 


The residence time can be calculated from the formula 
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Fo 


where T is the residence time, Wy 4s the volume of the 
reactor, and Bo is the volumetric flow rate through the 
pyrolyzer, 

A desired residence time could theoretically be obtained 
by using any one of many possible volume to flow rate 
ratios, However, other considerations limit the choice 
of flow rate considerably, To reduce the deadspace the 


volume of the reactor should be kept as small as possible, 
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Therefore, it becomes necessary to use low flow rates to 
obtain the desired residence time, It must be realized, 
though, that the use of low flow rates increases the ratio 


of the transition time to the residence time (14), Some 


compromise must therefore be made between the volume and 
the flow rate to obtain the best conditions and the most 
convenient construction for the pyrolysis tube, 

To facilitate connecting the reactor to the other 
equipment in the system,and to conserve space,it is 
desirable to be able to fit the reactor into as small a 
space as possible, This is also desirable because it is 
difficult to prepare a long heating coil that is uniform 
over its whole length, It was therefore arbitrarily 
decided to use 3.8mm inner diameter tubing (6mm o.d,). 
This was chosen because Swagelok quarter inch fittings can 
be used as connectors and the desired residence times can 
be obtained using reasonable lengths of tubing, 

Since the temperature in each step is increasing the 
volumetric flow rate in the pyrolyzer tube is also increasing. 
The flow in the pyrolysis tube can be calculated from the 


flow at room temperature from the equations 


ee ee ee (2=2) 


where EG is the flow at the entrance to the pyrolysis 
unit. T is the temperature of the pyrolysis tube and 


Ty, is the temperature at which the flow is measured, 
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This means that if the same residence time in all 
tubes is desired, the length of the tubes must be in- 
creased with increasing temperature, The residence time 


can thus be calculated as 


= (2-3) 
where L is the length of the reactor, r is the radius of the 
quartz tubing, Rearranging Equation (2-3) the length of 


tubing required for a given residence time can be calculated, 
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This length would be the length of the constant temperature 
zone, An additional length on each end of this zone is 
required for the transition zone -- to allow the temperature 


to reach the desired level. It was determined from pre- 


liminary designs that, at the flow rates used, the temper- 
ature reaches a nearly constant value within three 
centimeters after heating is started, Therefore, an add- 
itional six centimeters would have to be added onto the 
length of each reaction zone calculated from Equation 2-4. 
Four pyrolysis tubes were built to the dimensions in 
Table 1. These dimensions were calculated for the 
temperatures given and a residence time of six seconds, To 
simplify the design further it was decided to use a flow 
through the unheated system (F,) of approximately ten 


milliliters per minute, The tubes designed to the 
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specifications in Table 1 were used for all later work 
even though the temperatures of the stages were changed 
considerably. (see appendix for details) 
Each tube was constructed as indicated in Figure 2,12, 
It was found to be extremely difficult to connect the 
pyrolysis tubes since the connection was so close to the 


hot zone of the tubes. The method that was found best was 


SiGN SPECIFICATIONS FOR PYROLYSIS TUBES FOR A 
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STEPPED TEMPERATURE REACTOR 
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Figure 2.12 Details of the construction of the pyrolysis tubes. 
1. One-eighth inch copper tubing. 2. Swegelok connector. 3. Rubber 
tubing clarp(electrical contact). 4. Coil. 5. 6 mm od. tubing. 
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to make a ferrule of teflon tape by wrapping thin strips of 


tape around the quartz tube and then compressing this into 
the swagelok connector, This resulted in a gas-tight seal, 
that could be tightened without fear of cracking the 
quartz tube, 

Because of the springiness of the coil, the following 
method was used to fasten the coil to the tube and to make 
electrical contact, <A piece of one-quarter inch copper 
tubing about one-half a centimeter long was cut and split. 
This was then wrapped around the coil and a three-eighths 
inch rubber tubing clamp placed over it. By screwing the 
clamp tight the copper tubing was compressed and the coil 


could be held in place (Figure 2,13), After heating, the 
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END VIEW 


Figure 2013 Method of holding coil in place and making electrical 
contact. 1l.. Quartz tubing. 2. Coil. 3. Piece of split copper tubing. 
4, Rubber tubing clawp (3/6 inch) 5. Screw to tighten clamp and to 
which electrical contact was made. 
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coil was not springy, however, the clamp still had to be 
tight to hold the coil from slipping when 1t was heated, 
Electrical contact was made by fastening small aligator 


clips onto the screw of the clamp, 


The four tubes were mounted in a box of one-eighth 
inch asbestos coated with aluminum foi, The tubes were 
positioned in the manner indicated (Figure 2.14 A and B), 
Each tube was isolated in a separate compartment by 
dividers of asbestos coated on both sides with aluminum 
foil, This was done in an attempt to keep the calibration 
of the temperature independent of the temperature of the 
other tubes and was reasonably successful, For example, 
if tube two were being calibrated, the temperature was only 
about five degrees warmer when the other tubes were hot, 
even though the temperature in the other compartments was 
about 150° Cc, 

Injection ports (Swagelok Tees) were placed at the 
entrance of each pyrolysis tube, Because of the construct- 
4on of the box containing the pyrolysis tubes, it was not 
possible to place the Ne acti ae ports inside the box, The 
injection ports were therefore placed immediately outside 
the box and were heated by heating tape, 

The box was completely enclosed by asbestos shielding 
(Figure 2,14C), This protected the tube from drafts, 
Because of this it was found that the tubes did not have to 
be insulated individually -- the wire was wrapped around 


the tubing directly and then the tube was placed in the COs, 
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This facilitated replacement of the tubes when they were 
broken because the coil could be removed easily and used 
again on another piece of tubing, 

The asbestos box was built so that the longest tube 
would just fit inside, Because of the differences in the 
lengths of the tubes, this meant that the shorter tubes had 
to be supported, and longer connections were used, The 
corinections at one end of the box were made of one-eighth inch 
copper tubing and swagelok connectors, However, since it 
was necessary to measure the temperature profile of the 
tubes, larger tubing was used at the other end of the box 
so that a thermocouple could be passed into the tube, 

The glass tubing adds considerably to the volume; however 
it was unavoidable since the thermocouple would not pass 
through smaller tubing, This arrangement had one advantage, 
When a tube was being removed the connectors could be 
loosened and the glass tubing pulled to the right (Figure 
2.12). This made the removal of the tube easy, Similarly, 
when replacing the tube, the tube could be positioned and 
the glass tubing pushed in so that the connectors met, 

This avoided placing undue strain on the pyrolysis tube, 

As explained in earlier sections the ideal temperature 
profile for a pyrolyzer is a square CPO eS set ene 
difficult to approximate this profile with a wire wound 
reactor because of the relatively long transition zones 
inherent in the design of such a reactor, 


The uniformity of the profile is dependent on the 
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uniformity of the coil density -- even small variations 
in coil density result in large temperature fluctuation 
(Figure 2,08), Because of this, construction of a heating 
coil is largely a matter of trial and error, “Citen 
several attempt were required before a coil with the 
desired characteristics was obtained, Another source of 
temperature fluctuations was found to be the quartz tubing 
itself. Small variations in diameter or wall thickness and 
small faults led to fluctuations which were not due to coil 
design, It was therefore necessary to test every coil on 
several tubes to determine if the profile was reproducible, 

The temperature was read by pushing a thermocouple 
into the tube and removing it a centimeter at a time, The 
temperature was read on an API pyrometer with a 0 to 1100-¢ 
scale, After each movement of the thermocouple about three 
Minutes was allowed for the thermocouple to come to 
equilibrium, The thermocouple could not be placed in the 
pyrolysis tube under actual operating conditions because of 
the possible catalytic effects that could result. This meant 
that the temperature of the pyrolysis tube was not monitored 
under operating conditions, Therefore a calibration of 
temperature versus amperage was made and the temperature 
under operating conditions adjusted by adjusting the 
amperage. However, it was found that the temperature 
drifted considerably with time from the calibrated value, 
This was probably due to the changes in the resistance of 
the coil. To try to overcome this defect the temperature 


was calibrated against wattage applied. This too, drifted 
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Slowly, but over a much longer period and not as much, 
This drift in temperature calibration is the most likely 
Source of error in the temperature readings, For this 
reason, frequent recalibrations were needed to insure that 
the temperature was what it was presumed to be, There are 
several other possible sources of error in the temperature 
readings. One is the variations in the coil itself, Another 
possible source of error is the position of the temperature 
sensing portion of the thermocouple. It was found that the 
temperature could vary as much as fifteen degrees when the 
thermocouple was rotated without changing its longitudinal 
position. Because it is extremely difficult to wind a 
uniform coil it was considered that any profile where 
seventy percent of the readings were within seven degrees 
of the median temperature was sufficiently uniform (see 
appendix for details), The cumulative effect of all the un- 
certainties is that the temperatures quoted in this thesis 
probably have an uncertainty of about ten degrees centigrade 
(14,e, a temperature quoted as 600°C is actually 600°C f 10°c), 

The measurements of the temperature profile were taken 
without flow through the pyrolysis tubes, When the measure- 
ments were taken with flow, the effects indicated in 
Figure 2,15 were observed as expected, Although some change 
would also have been expected at the beginning of the profile, 
none was observed, The difference from ideality at the end 
of the profile is probably due to conduction along the tube 


and heat transfer by the hot gases, 
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Figure 2.15 Effect of the flowing carrier gas on the temperature 
profile. A. ‘Temperature profile measured without gas flow. B. 
Temperature profile measured with gas flow. 


Calculations involved with 
Stepped Temperature Reactors 


The time a molecule takes to come to thermal equilibrium 
with the walls of the pyrolysis tube is approximately equal 
to the time required for a molecule to travel a distance of 
one-half of tube diameter (25), The time can be calculated 
from the Einstein diffusion equation by the method given 
by Giddings (13). 
= 2Dt (2=5) 


where @ is the displacement, tp is the time over which the 


diffusion occurs and D is the diffusion coefficient, This 
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equation can then be used to estimate the time required for 
the desired displacement 


a 
as 


a 
Le it aceite (206) 

D 2 

where d is the displacement, Thus, if d is one-half of the 
tube diameter and the tube diameter is 0,38 centimeters, 


Equation 2-6 becomes 


t = 0.018 (2=7) 


D 
The diffusion coefficient can be calculated by the method of 
Chen and Othmer (5) (see appendix for details), The 
diffusion coefficient will be at its lowest value at the 
entrance of the pyrolyzer since the temperature is the low- 
est at the entrance also, The time taken for equilibration 
will thus be the longest during the transition Zone, 

Rummens (25) calculated the time for thermal equili- 
bration using the diffusion coefficient of the sample 
molecule, A time calculated by this method should be regard- 
ed as a maximum time since the ratio of the helium molecules 
to sample molecules in the pyrolysis tube is approximately 
one thousand to one, Therefore most of the heat exchange 
will be due to diffusion of the helium molecules to the walls 
of the pyrolysis tube, The diffusion coefficient of helium 
in helium is considerably greater than the diffusion 
coefficient of normal hexane(a typical sample molecule) in 


helium: therefore the time required for thermal equilibration 
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mu 
&S calculated from Equation a~7, using the diffusion coefficient 
of helium in helium, would be Significantly less than the time 
calculated using the diffusion coefficient of the sample 
molecule(see Table 2), As the temperature rises the time 
taken for thermal equilibration becomes less because the 
diffusion coefficient becomes larger, 


TABLE 2 CALCULATED TIMES FOR THERMAL EQUILIBRATION WITH 
DIFFERENT DIFFUSION COFFFICIENTS* 


fe) 
298 OK i 298 K 
1 atm He-He 1 atm>-He-n-hexane t 
2 = fa 
1.95 cm™sec : O 019 sec One aS om“sec 0.12 sec 


* see Appendix for details of calculations 


To calculate the residence time from Equation 2-3, the 
flow through the pyrolyzer must be known, Figure 2.16 shows 
a diagram of the flow system used, This method of adding 
flows to optimize flow through the pyrolyzer and the column 
is similar to that used by Goforth (14). The flow was 
measured at the outlet of the system and corrected to 273°K 


and one atmosphere pressure, by the following equation. 


a es 760 T | 


where oe 49 the measured flow corrected to standard 


conditions, P is the atmospheric pressure in mm of mercury 


a is the vapor pressure of water in mm of mercury, and Mk 
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Figure 2.16 Diagram of the additive flow system used. FF, is the flow 
at the entrance to the pyrolyaer tube, F, is the flow within the 
pyrolyzer, ard a is the flow measured at the outlet of the system. 


is the temperature (°K)at which the flow is measured, 


The flow at the entrance to the pyrolyzer tube (F,) can 


then be written as 


a0 
eal a (2-9) 


where Poy is the pressure within the pyrolysis tube. As 

Fada (Figure 2.16) is increased the pressure in the pyrolyzer 
increases by Pada’ The flow at the entrance to the pyrolyzer 
then becomes 


F = pF? a arene (2-10) 
Poy * Paaa 


To calculate the residence time the corrected flow (Ee) 


from Equation 2-10 is substituted in Equation 2-3 to yield 


Ve 
7 “ ) 
v s x L fe) (Ppy Padd ( Pea ie) ) 
@) 1 
ae T Pp 


Details of the calculations and the calibration charts can be 


found in the appendix, 
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2.05 TEMPERATURE GRADIENT REACTOR 


Theoretically a temperature gradient reactor could be 
built using either of the heating methods described in 
Figures 2,03 and 2,04, The original suggestion of Goforth 
(14) was to use a tube wound with increasing coil density, 
However, since it was found to be difficult to wind a 
uniform heating coil for isothermal use by hand3 it was 
thought that it would be almost impossible to obtain a 
coil with a regularly increasing temperature profile by 
hand winding. This means that it would be necessary to 
Wind the coil using a lathe or some other similar device, 

Since the coil must be wound to a predetermined 
mathematical pattern, it would be difficult to wind, even 
on a lathe. Once the coil was wound it would also have 
to be handled carefully since slight changes that occurred 
in fastening the coil to the pyrolysis tube (i.e. stretching 
part of the coil) could destroy the uniformity of the 
temperature profile, Because of the difficulties associated 
with the winding, the coil would also be difficult to 
replace, or duplicate, Another disadvantage of this type 
of coil winding is that the temperature gradient would not 
be widely variable, since the gradient is controlled by the 
mathematical pattern to which the coil is wound, and could 
be changed only slightly by varying the power applied to 
the coil. 


The method of programming the heating coil volt«se is 


much more convenient and versatile, It is possible to use 
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an isothermal wire wound reactor;which simplifies the design 
of the heating coil since the coil can be wound without 
undue difficulty (see section 2,03). The voltage to the 
coil can be programmed simply -- all that is necessary is 
to switch from a low voltage power source to a higher 
voltage source (Figure 2,17), Using this type of system 
it is possible to vary the heating rates considerably, 
The gradients obtained are approximately linear over short 
time ranges, (Figure 2.18) (See appendix for other details). 

Because it is so easy to convert a stepped temperature 
reactor to a programmed voltage temperature gradient reactor, 


it was decided to make the gradient reactor of this type. 


Pyrolyzer tube Py (See Table 1, Section 2,04) was 


Pyrolyzer 


V, 


Figure 2.17 Programming system for the temperature gradient reactor. 
The programming is accomplished by switching from a low voltage power 
source(V,) to a hisher voltage power source(V5). 
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Figure 2.18 Temperature gradients obtained with the gradient resctor 
E ae ue: ay ater y ; 

starting at an initial temperature of 450°C. Numbers on the graph are 

the heating rates in degrees Centigrade per second. 
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ay Ne 
converted to programmed operation using a d.p.d.t. switch 
to’ switch between two variacs in an experimental set-up 
Similar to that illustrated in Figure 2.17, 

The temperature gradient was measured by placing a 
thermocouple about midway through the pyrolyzer, adjusting 
the temperature of the pyrolyzer to the desired initial 
temperature, and then switching to a higher voltage, The 
temperature was monitored on a recorder fitted with a 
device for bucking the voltage from the thermocouple so that 
the recorder pen could be set to zero, regardless of the 
initial temperature of the pyrolyzer,. This procedure 
enabled the temperature change to be recorded and the 
voltage due to the initial temperature cancelled . Figure 
2.18 shows some typical gradients that were obtained, As 
can be seen the temperature tends to reach a maximum rate 
of increase, This is due in part to the fact that the 
thermocouple has a finite heat capacity and cannot respond 
to a temperature change instantly, The temperature read 
from the thermocouple therefore lags behind the actual 
temperature, At high programming rates the recorded temper-~ 
ature will thus be continually lagging the actual temperature, 
The faster the programming rate the more the thermocouple 
will lag until a point is reached where the programming 
rate is faster than the response time of the thermocouple, 
At this point the recorded temperature will be only an 
indication of the response of the thermocouple since the 
temperature will be increasing faster than the thermocouple, 


The maximum programming rate shown in Figure 2.18 is close 


> 7 Ever tos acid 
Aiton lg Wl beriarina ‘nie dnt 
: prt Sout ban LS eh eCmee suf eer eet ahaa a Doon 


eras 


+ 
A ~~ ae 


[| tmertiool <gi* io wT@ My Lory ‘end t? re . ne 2. td 


‘ 
iff pay lov “etd o oF res gye stedy a ola ’ que 
. i ‘ 7 


, 7 
» oobefoc ing? air dain Myeas 


y 2 eo at es - fi tice a ee 2 > 7 7 = D 
4 _ 7 ‘ oe 
at vs © 7 Ps v “ary d 7 ete ite r » wiooey ware 
: : e - 7 

ay , ne ton, au To. etonetnie Beas 
: a 


a * 
; ' ' zz Fs ave of om | 9 ATA apy be fdane 


jfqmes, (teil aa? of oue 


i 
Tb Be bade "la i é iz 7 mor RROTE, * 


ae add 7 ft. ert i193 


| ae , siootans. 


rane oxy Fa" ae eTte- atk! » gntawamet 908 


* ‘ ; 
6 Te Gisbyen Gan aaah eee ove sods 
We amy 
| >So -, ’ ; . 1) rd ST \LtRG ney reds ott mare 


O20) #PSRE Me ; ‘. ; *2 a! eV Oo b apedid ty 


afi ee’ THoitd & afi Pal pend. a he * SOLE weiscuda. ae 


ACTIDMONRII Ge lor hogisknay Bi TO ay ae 


; v 
f Gian ¢ = al : an a , ft ear yy 
yolemaoumttys> aft ye. pabt ies oe aria ne eal 


a 
. 


7 ; 
of gis 


(0! @ hl lite: eet ffs: eat. jeer tale sett 
ean nek 4 sdipuorivantety pe eee ~ 


Kg 4 
Lnnoapernens we tans Pare ear set Care 
= wy } 
. oat bbe 
a 


a 


72° 


> 


Nm 
to the response speed of the thermocouple, This was 
determined by heating the pyrolysis tube, and then shoving 
the thermocouple into the tube:-and noting the time required 
for the thermocouple to reach a steady reading, Errors in 
temperature caused by the finite response time could be 
minimized by using thermocouples of low heat capacity, 
Because the temperature of the reactor is continously 
increasing, the volumetric flow rate is also increasing, 
The flow through any portion of the tube can be written as 
F, dt = dv 
where ae is the instantaneous flow rate, dt is a time 
increment and dV is a volume increment, Since 
FP, = Fy - 
To 
where se is the temperature (CK) at the entrance to the 


pyrolysis tube and T; is the instantaneous temperature aie 


the above equation can be written as 


at = dv ( 2-12) 


where vy is the pyrolysis time and Vo is the volume of the 
heated zone of the pyrolyzer, The temperature increase in 
Figure 2,18 is approximately linear in the desired time 


range (0 to 20 seconds), therefore, the instantaneous 
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temperature is 


Ts 


3 = To + Rt 


where R is the programming rate, Substituting this 
expression for a in Equation 2-12 and integrating over 


the specified limits., Equation 2-12 becomes 


= a 
ie Tot | Rt oe 
ie 2 p 


This equation can be arranged to yield expressions for the 
required initial flow rate for a specified pyrolysis time 


(Equation 2-13) or the pyrolysis time itself (Equation 2-14) 


: (2-13) 


ye} 
won (2-14) 


The reactor was operated as follows, A programming rate 
which would give the desired temperature range in a reason- 
able pyrolysis time was arbitrarily selected and the flow 
rate required to obtain the pyrolysis time so chosen cal- 
culated from Equation 2-13, The flows in the PGC system 
(Figure 2,16) were then adjusted so that the flow rate was 
@s close as possible to the calculated value, The sample 


was then injected and the programming started within one 
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second by switching on the power sources (Figure 2,17), 
The reactor was not turned off until approximately twice 
the desired pyrolysis time had elapsed, 

If the flow rate through the reactor were accurately 
set, the above procedure should result in the sample being 
swept through the reactor in the desired time, and thus 
exposed to the desired temperature range. However, even 
Slight changes from the calculated flow would result in 
a temperature profile that was considerably different from 
what was expected, and therefore interpretation and 
comparison of results would be difficult, 

The problems in the above method were in part due to 
leaving the reactor on for longer than the desired pyrolysis 
time, Since the flow could not be controlled accurately 
the temperature range that was experimentally obtained was 
often different from what had been calculated, However, 
Switching off the reactor at the desired pyrolysis time 
creates similar problems, If the flow is not controlled 
accurately, and the reactor is switched off at the desired 
pyrolysis time the temperature range can be reduced or a 
varying profile of the type shown in Figure 2.19 can be 
obtained, This type of temperature profile is even less 
desirable than an extended temperature range, since it is 
more difficult to predict what the effect on the results 
would be, 

It can be seen that temperature gradient reactor 
4s more difficult to control than is a stepped temperature 


reactor, end accurate control is more critical since both 
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Figure 2.19 Temperature vrofile of a gradient reactor when programning 
is terminated before the sample hes traversed the entire lencth of 

the reactor. : 


temperature and pyrolysis time depend on flow in a gradient 
reaction, 

The term pyrolysis time is used to describe the time 
spent in a gradient reactor, since I prefer to use the term 
residence time only when the pyrolysis temperature is 
constant, The pyrolysis time is not as fundamental a 
parameter for a temperature gradient reactor as the resi- 
dence time is for an isothermal reactor, The pyrolysis 
time gives an overall indication of the time the sample 
spends in the pyrolysis tube. However, during much of this 
time little reaction occurs, because the temperature is not 
high enough to cause pyrolysis, The programming rate is more 
indicative of the actual reaction conditions since it gives 


an idea of the time the sample spends any any one temperature, 
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Most of the problems encountered with the gradient 
reactor were due to the necessity of using fast programming 
rates so that a reasonably large temperature range could be 
covered without using excessively low flow rates, These 
problems could have been overcome more easily if the 
gradient reactor had been designed as such,rather than 


having been converted from the stepped temperature reactor, 
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3. RESULTS AND DISCUSSION 


To test the effect of the various reactor configurations 
it was decided to use one compound to determine what changes, 
lf any, occured on changing reactors, A typical pyrogram 
of the compound chosen (2,3 = dimethylbutane) is shown in 
Figure 3.01. The size of the peaks in Figure 3,01 vary 
with temperature but usually all of the peaks shown can be 
detected (except at temperatures less that 550°C), However, 
if a peak was less that one percent of the largest peak it 
was considered negligible for the purpose of tabulation of 
results, 


3.01 METHODS OF NORMALIZATION 


To make meaningful comparisons of results from several 
chromatograms it is necessary to normalize the results, The 
method of normalization chosen can have a significant effect 
of the superficial appearance of the results, and in some 
cases could lead to false conclusions, There are three 
methods of normalization which yield useful comparisons and 


are readily calculated from the molar areas, These are, 


peak area 


‘um of the areas of the 
product peaks 


Normalized peak (M,) 


peak area 


sum of the areas of product 
+ reactant peaks 


if 


Normalized peak (Mo) 
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where al] areas are the molarareas (corrected for variation 
in response factors), 

From the definitions it is apparent that Mo Will approach 
My as the extent of pyrolysis approaches one hundred percent, 
Table 3 shows the results of pyrolysis at several different 
temperatures with each of the three methods, Using the data 
obtained from one set of results only, it would be easy to 
draw varying conclusions on the effect of the temperature. 
For example, the results by method My Show the amount of 
methane formation as remaining almost constant over the 
entire temperature range, whereas, the results by methods 


Mo and M., show a significant increase in the proportion of 


3 
methane formed, Similarily My shows the amount of 2-methyl- 
2-butene formed decreases steadily whereas the absolute 

amount increases, Method M4 Shows the product distribution 
best; however, since the amount of reactant is omitted 

from the normalization the results are not as generally 

useful as they could be, Method Mo shows the total frag~ 
mentation pattern better, but comparisons are difficult to 
make since the reference point changes (the sum of the 

areas of the products + reactant becomes larger as the 
temperature increases), Method My also has the disadvantage 
that the reference changes, however in my opinion, this 

method combines the best features of the previous two 

Method Mg is basically the same as the normalization 


methods, 


method used in mass spectroscopy and 1s probably the most 


convenient method for specifying the fragmentation pattern 


for fingerprint files, In addition, My is becoming the 
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most common method of reporting pyrolysis data eek) 2s 


For these reasons the results in this thesis have been 
normalized using the third method Gye aie it ts importan. 


however to check any conclusions by using the other methods 
of normalization, Since the relative peak sizes are determined 


by the method used, 


3.02 ISOTHERMAL OPERATION 


The pyrolyzer was operated isothermally at several 
temperatures to obtain values to which the results from 
the stepped temperature and temperature gradient reactors 
could be compared, Table 4 shows the temperatures and 
residence times at which pyrolysis were carried out, Because 
the residence times varied somewhat the extent of reaction 
(x) also varied, Therefore, an attempt was made to adjust 
the Xvalues to the median residence time of 6,8 seconds, 
This was done jby assuming the pyrolysis approximately con-= 
formed to the rate equation for rirst order kinetics and 


therefore 


oO = (3-1) 


where k is the rate constant, T is the residence time and 


COSts the extent of reaction,* 


A 


ae areas of the products 


es 


the products + 


xs 


a) 


\ molar areas of 
Li reactants 
The adjusted: CC value was obtained by solving Equation 3-1 
for kusing the value and the residence time; then sub- 
stituting the median time of 6,8 seconds for v and solving 


for a new CC value (oc), A plot of vhe extent of reaction 
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as a function of temperature is given in Figure 3,02, The 
k values give an indication of the actual temperature at 
which the pyrolysis was carried out, and can be used to 
check whether two supposedly identical pyrolysis temperatures 
were actually identical, Using the rate conStants 
it is also possible to calculate the extent of reaction that 
could be expected if the residence time was changed to some 
other value, 

The results of the pyrolysis of 2,3-dimethylbutane 
can be seen in Table 5. There are several cases where the 
amounts of products formed at a specific temperature seem 
to be larger than the amounts of products formed at a 
Slightly higher temperature, This is due to differences 
in the residence times, and therefore a different extent 


of reaction, 
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*The extent of reaction (pyrolysis) defined here is 
&@ convenient practical definition, It is not exactly equal 
to the percent reaction, For example, whenccis equal to 
0.5 less than half of the parent will have been pyrolyzed, 
Since one mole of the parent will be converted into several 
moles of products on pyrolysis, To obtain the percent 
pyrolysis, it would be necessary to convert the molar areas 
to a relative number of carbon atoms, The percent of 
pyrolysis can be expressed more precisely as 


n= 1 
Pon cart, 
eer 


n 
a mal Seti 
n=i1 


where Cy 4s the number of carbon atoms, Aa, is the sum of 


the molar areas of the peaks containing Cy atoms, andn 
is the number of carbon atoms in the parent compound, 


% pyrolysis = 100 
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TABLE 4 EFFECTS OF TEMPERATURE AND RESIDENCE TIMES ON THE 
ISOTHERMAL PYROLYSIS OF 2,3-dimethylbutane 
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Figure 3.02 Extent of reaction (CC ) as a function of temperature 
for 2,3-dimethylbutane. 

The three main products of pyrolysis are methane, 
propylene, and 2-methyl=-2-butene, Of these, only propylene 
and 2-methyl-2= butene can be considered characteristic of 
the parent molecule, and are therefore useful for identifica- 
tion of the parent, These compounds are formed at all 
temperatures, however, at temperatures less that 580°C these 
products are formed almost exclusively. This would indicate 
that the pyrolysis should be carried out at these lower 
temperatures except that the extent of reaction is also 
low (less than about 30%); therefore the reaction is not as 


complete as desired, 
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TABLE 5 PYROLYSIS PATTERN OF 2,3-dim a ae AT VARIOUS 
ais 


im 
TURES - MEDIAN RESIDENCE TIME = 6,6 SECONDS 


G N 


ee aaa 


MecpuTy lene + 
1,3-butadiene 


2-methyl-2- 
butene + 


2, 2-dimethyl 
butane 


-- trace level or none; Letters(4,B,etc) refer to Table 4 
in this table only. 


=O 3— 
Considering a combination of extent of pyrolysis and 


the fragmentation pattern, the best conditions for pyrolysis 
with this reactor, are a temperature of 600°C to 625°C and a 
residence time of seven seconds, This gives a fragmentation 
pattern in which the most characteristic peaks are large, and 
the extent of reaction is within the range 0.50 to 0.75, 
Above 625°C the Secondary reactions increase strongly as 
evidenced by the increased methane and ethylene formation 
and the decreased formation of 2-methyl-2-butene and propylene 
at 645°C as compared to 625°C, There is also considerable 
increase in both the amount and number of other secondary 
products, 

Table 6 shows some results obtained by varying the 
temperature and the residence time, It can be seen that just 
increasing the residence time does not improve the pyrolysis 
pattern as much as increasing the pyrolysis temperature at 
the same residence time (compare A, B, C, and C, D, E), 
Aithough D and E show approximately the same extent of 
pyrolysis the pattern in fis more useful for .characteriza- 
tion Since the most characteristic peaks are larger in E, 
However it is also apparent that long times and medium 
temperatures (570 to 600°C) give a better pyrolysis pattern 
than short times and high temperatures (compare the amount 
of 2-methyl-2-butene formation in runs G and H), The 
combination of long residence times with relatively high 
temperatures, however, can yield results that are not as 
as useful as those obtained at higher temperatures and 


shorter times, An example of this can be seen in the 
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pyrolysis patterns of runs D,E, and F, Run F shows less 
formation of propylene and 2=methyle2=butene than run E and 
a considerable increase in the formation of methane and 
ethylene as compared to run D, It is therefore clear that 
there is only a short range of temperatures and residence 
times in which a compound can be pyrolyzedto give the best 


pyrogram and the largest extent of reaction, This agrees with 


TABLE 6 PYROLYSIS PATTERN OF 2,3-dimethylbutane AT VARIOUS 
TEMPERATURES AND RESIDENC 


CE TIMES 


1SObuLy lene + 
1,3-butadiene 


rans + cis 
-obutene 


2-methyl-2- 
butene + 


2, ?—-dimethyl 
butane 


2,3-dimethyl- 
2-~butene 


extent of («) 


reaction 0. 24) Oy 3 n0s42).0.68 1400/2 9;9.8610,90 


-- trace level or none 
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the conclusions of Sutton and Harris (28) who advised using 
long residence times and as low a temperature as possible to 


achieve the desired extent of pyrolysis, 


3.03 STEPPED TEMPERATURE OPERATION 


Table 7 shows some results for the pyrolysis of 
2,3-dimethylbutane in a stepped temperature reactor, Two 
runs were made operating the reactor isothermally (A and B) 
to give a reactor with a residence time of about 26 seconds, 
Several runs were then made with the reactor operated in 
the stepped mode with the temperatures of the tubes such 
that a weighted average of the temperatures was approximately 
equal to the isothermal temperatures in runs A and B, The 
weighted average was obtained by multiplying the temperature 
and the residence time of each tube, adding the temperature=- 
time products and dividing by the total residence time, 

Comparing the isothermal run at 585°C with runs B, 

C, D, E, and F the most significant difference is the large 
difference in the amount of 2-methyl-2-butene formed, The 
reason for this is illustrated in Run G which is the 
pyrolysis pattern for 2-methyl-2-butene under the same 
conditions as run E, In run G, 2-methyl-2-butene is 
pyrolyzing considerably under the conditions of reaction and 
therefore a significant proportion of what was thought to 

be the pyrolysis pattern of 2,3-dimethylbutane results from 


the secondary reac sion of the product 2-methyl-2=butene, 
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TABLE 7 PYROLYSIS PATTERN 


N OF 2,3~dimethylbutane IN A 
STEPPED TEMPERATURE 


REACTOR 


methane 


ethylene 29 30 38 


ethane 


propylene | 


isobutylene + 
1,3-butadiene 


trans + cis 

2-butene 3 3 4 e 3 a 
ee oo ea i oe ee ise aan ie eraos, 
butene + 
Zz : | 


butane | 
| | 

2,3-dimethyl- ; - | 

2~outene AX 


— SSS 


extent of 
Peace elon (<) 


Ger | Os9e 10.95) 0.04 0.86, 0,69 


* parent 
total residence times and temperatures are listed in the 


24 a ps > 
following order -- Ls PrePosPasPy, average 


m= 20. 35 50 5, 05) DO Noo. 
war ues 90004 6004.000,000. 
catt 25 Oy O 900s 00 NO eI re 
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Looking back at Table 5 it is apparent that the amount 
of isobutylene and 1,3~butadiene formed increases considerably 
and abruptly above 600°C, Since isobutylene is not a product 
that would be expected from the pyrolysis of 2,3-dimethyl- 
butane (by the Rice-Kossiakoff theory) (19) and 
1,3-butadiene should not be obtained in major proportions, 
the 2emethyl-2-butene formed from 2,3-dimethylbutane starts 
to undergo reaction itself at this temperature, It could 
be expected that the reaction curve would resemble that of 
Figure 3,02 and a strong increase could be expected over 
a small range of temperature, The hoped for advantage of 
a stepped reactor, that is, the expectation that products 
once formed would not react further does not in fact occur, 

However,the data in Table 7 does show some useful pur- 
pose for a stepped temperature reactor, Comparing runs B 
(isothermal at 600°C), C(Tav = 597°C) and D(T,, = 607°C) 
it can be seen that the pryolysis pattern from C is the 
most characteristic of the three and yet the extent of 
reaction is high, This is because about half of the pyrolysis 
is carried out at a temperature of 685°C. «Thiel tends’ to 
indicate that a stepped temperature reactor with a narrow 
range can give better results than a stepped reactor with a 
wide temperature range. One feature that must be considered 
a disadvantage of this type of reactor is the considerable 
difference in pyrolysis pattern that can result when con- 
ditions are varied only slightly, Runs E and F were carried 


out under conditions that varied only slightly yet the 
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pyrolysis patterns are considerably different, It must 
therefore be concluded that obtaining PeproducioLl acy with 
a stepped temperature reactor would require precise control 
of temperature and residence time since the number of 
separate adjustments that must be made are larger (in this 
case four tubes must be adjusted not just one), 

An ideal reactor would yield maximum information and 
still be versatile, The stepped temperature reactor is not 
an efficient reactor for the pyrolysis of a specific compound 
but it is versatile, Table 8 shows the results obtained from 
the pyrolysis of the isomers of CEH he Even without 
specifically identifying the individual products of pyrolysis 
it is possible to distinguish between the isomers, and to 
identify the parent, From a knowledge of the Rice- 
Kossiakoff theory of pyrolysis (19, 30) it is possible 
to predict what products would be formed upon pyrolysis, 
Table 9 gives the carbon skeletons of the isomers of CeHyy 
and the major products that would be expected in each case, 
Looking at Table 8,it is apparent that two of the runs 
(A, B) yield significantly more three carbon compounds than 
the other runs, 2-methylpentane should yield more two carbon 
and four carbon compounds, and fewer five carbon compounds 
than 2,3-dimethylbutane, Considering this, A can be identified 
as 2,3-dimethylbutane and B as 2-methylpentane, Comparing 
the remaining runs, C has a significantly larger amount of 
four carbon compounds than the others, however run D also 


shows a considerable amount of four carbon atoms, Since the 
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only compounds that would be expected to produce four carbon 
compounds in large amounts on pyrolysis are 3-methylpentane 
and 2,2-dimethylbutane, the lack of four carbon compounds in 
E identifies E as n-hexane, This identification is further 
confirmed by the large amount of two carbon compounds 
(ethylene + ethane) in run E, Runs C and D can be dif- 


ferentiated by the proportions of two, three, and four 


TABLE 8 PYROLYSIS PATTERN OF ISOMERS OF Cohan 


Pyrolysis 
products 


* ethylene + ethane , ethylene = 100 
Reaction conditions: P, (540°C) P.( 565) 


P,(600) Py (625) 5 total residence time = 26.3 sec 
A. 2, 3-dimethylbutane B, 2-methylpentane 
CC. 2,2-dimethylbutane CC, 3-methylpentane 


E, n-hexane 
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carbon compounds formed, Run D shows larger amounts of 

two carbon compounds than run C, Run C shows a large amount 
of four carbon compounds, It is difficult to obtain three 
carbon compounds from 2,2=-dimethylbutane since the most 
likely fragmentation is the one indicated in Table 9, 
However, three carbon compounds can be obtained from 
3-methylpentane by secondary reactions (3-methylpentane—+» 
2-methyl-l1-butene —»propylene), From the relative 
proportions of three carbon compounds it is thus possible 

to identify C as 2,2-dimethylbutane, and D as 3-methyl- 


pentane; 


From the above it can be seen that these hydrocarbons 


TABLE 9 ISOMERS* OF CoH ay AND THEIR MAJOR PYROLYSIS 
PRODUCTS** 


PRODUCTS 
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* Only the carbon skeletons are shown 
*# By the Rice-Kossiakoff theory (19) 
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ee 
can all be pyrolyzed at the same stepped temperature con« 
ditions and yield useful results, The stepped reactor is 
thus probably most useful for fingerprint analysis and for 
distinguishing one compound from another, The method of 
organizing the results in Table 8 is useful only if the 
general identity of the parent compounds is known, It would 
be difficult, for example,to differentiate between an alkane 
and an alkene without identifying the individual peaks, 
However it might be possible to use a system such as that 
used by Fanter, Walker and Wolf (10) of grouping the 
products according to retention index to yield a more uSse- 


ful pattern for fingerprint analysis. 
The biggest advantage of using a temperature range in 


a reactor is the versatility that the range produces, This 
versatility is further illustrated in Table 10, which gives 
the results of pyrolysis of several oxygenated compounds, 
Sutton and Harris (29) determined that the optimum pyrolysis 


temperatures for these compounds were: 


ethyl acetate 420 to 520°C 
methyl ethyl ketone 540 to 640°C 
diethly ether 520 to 660°C 


Pyrolyses were carried out at the following sets of 


temperatures; 

Runs A, B, C, D _ Runs E, F, G, H, I 
Py 480°C Po 530°C P, 480°C §=—P2 530°C 
P3 585°C Py, 640°C Py 56500 le Diecit 


Runs A, B, C, and D show a high extent of pyrolysis and 


sufficient characterization to be able to identify the parent 


Pde 
‘Pe 


stone: itt ‘Use, ¥ — ‘ 


i> Sas 
wie Sut cde aatenr Fe cetivt op ts ier ” ‘anlabet 
hthiy 23 race oh searoertaoce rite aa rde ‘eacen “he, vit vito fete: 
le 
4 . 2 a 
\ ! y Wetec RTD OF ATs <0 tte rire 78) 


teat Lauber lies. 4 wr UTC Aae Peer raw onto i 
. Scat 
evi wos Spor Sees ec fotetet “4 ‘st rr 
ty “fon afar 2h ae atest x ibe 
copes oS titdeded ofa rai 
IEG (Ae Gree raa0ce VF ris athe Dy 
aT A BCE fb Ge adh rhe Siueeid or ; 


ins ceclitpwtay aod: we tote i 


peg I {i sence cnt a 
AL a ] “ Ser Wi OSG fo FB 


* vtqsewieon efeagy wal courte 
vbor § Ok, TM 4h yest: "“e2 fegtte, Ri. 
. N Oo Oe ~ aAfios py, a cet) uy A 
JOR 3: a OBA | vate “s nae ay 
i 


i > oy " . r a @ agp # 
bw ten antes ff 1 Ja:2e SeDptas ene “aor Lore’ 
: n toi te 
7 ee 
, ? :% e 3) 1 @a 
: WOES RD. GORE. we. 
| 7 ; 


2. oe | isa pt aad Fy 


= 
Eta aston 4 ae 


| pots am of 


aia 


TABLE 10 PYROLY 


IS PATTERN 
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products 
carbon monoxide 


methane 


carbon dioxide 
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etnhylen 
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vinyl methyl ketone 


*Results have not been converted to molar areas before 


normalization ~- trace, N.S, not separated from other peaks 
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compounds, However, the reproducibility of the runs is poor, 


Runs A and B were supposedly carried out at the same con= 
ditions but the pyrolysis pattern is not reproduced, This 
again illustrates the need for careful control if reproduci- 
bility is to be obtained, The runs at the lower temperatures 
(E, F, G, H, I) are not useful for the identification of the 
parent since the peaks are small and therefore hard to 
identify, The small peaks can be attributed to the Low 
extent of pyrolysis. 

| The products found in these runs differed considerably 
from the products found by Sutton and Harris (29), Extreme 
differences were also found in the products and product 
distribution with the stepped reactor on changing the 
temperature and the number of steps used (Table 11), The 
products formed at 480°C agree with those found by Sutton 
and Harris, however the products formed at the higher 
temperatures differ. considerably, Since the extent of 
pyrolysis is 0,89 after Po it is likely that the difference 
in pyrolysis pattern is due to secondary reactions and 
possibly a different mechanism of reaction at the higher 


temperatures, 


3,04 TEMPERATURE GRADIENT OPERATION 


Table 12 shows some results obtained by operating 
pyrolysis tube Py as a temperature gradient reactor and 
programming at several different rates, One important 


difference in the runs can be noticed on comparing runs 
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TABLE 11 VARIATION IN THE PYROLYSIS PATTERN OF ETHYL 
ACETATE WITH TEMPERATURE * 


products A ea 


carbon monoxide ee 


methane | ae 
carbon dioxide a 
aq Boe rath 
propylene + eae 
acetaldehyde n 
ethanol | 


acetic acid 


ethyl acetate 100 
oo = = ene ee asa ph sbasaccnsstint 


extent of reaction | 0.18 
| 


* Results have not been converted to molar areas before 
normalization, 


Temperatures of steps in the stepped reactor are given in 
the following order - P4sPoePosPy. (OG) 
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H, I, and J, Runs H and I were obtained by programming the 
reactor for thirty seconds, but relying on the flow through 
the pyrolysis tube to carry the sample through the reactor 
in the desired pyrolysis time (about 17 seconds), Run J 
was obtained by turning the reactor off after programming 
for sixteen seconds, Since the pyrolysis time in runs H 
and I is supposedly seventeen seconds,little difference 
Should have been detected among runs H, I, and J, The 
probable reason for the difference is that the flow rate 
is lower than what was calculated and thus the pyrolysis 
times for H and I are longer (and therefore the final 
temperature is higher) than what was calculated, This is 
further confirmed by comparing run J (Table 12) and run A 
(Table 13), The pyrolysis patterns from these two runs 
are comparable, 

The difference noted above between the calculated 
times and temperatures,and the actual times and temperatures 
is due to the difficulty in controlling the flow rate through 
the pyrolysis tube accurately, A change in the flow rate of 


ten percent can result in a change in the temperature of about 


about ten degrees, even at the lowest programming rates 
(see Appendix), Since the flow at the entrance to the 
pyrolyzer CE) was only 3.7 ml/min, a change of ten percent 
is only 0.4 ml/min, With the experimental apparatus used, 
4t was extremely difficult to control or to reproduce the 
flow rates within ten percent, therefore the uncertainty 


in the temperatures could be as high as thirty to forty 
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degrees, It was also noticed that the flow error was 

usually a lower flow rate than the set value, (as read from 

the rotameter and calibration chart ~ see Appendix), therefore 
the final temperature would usually be higher than the 
calculated value, 


Even if the temperature ranges are not known accurately 


TABLE 13 PYROLYSIS PATTERN OF 2,3-dimethylbutane AT SEVERAL 
TEMPERATURES = MEDIAN RESIDENCE TIME = 15.6 SECONDS 
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Several trends can still be noted from the results, A high 
program rate combined with a relatively high (500°C) start~ 
ing temperature yields results that are useless for character- 
ization since the products are almost entirely simple 
molecules, The results obtained using a lower initial 
temperature (450°C) are only slightly better, The use of a 
high program rate results in a final temperature so high 
that secondary reactions predominate, and should therefore 
be avoided, 

The results become more useful as the programming rate 
is reduced, The results obtained at a rate of 4,6°C/sec., 
(H, I - Table 12) are as useful for characterization as those 
obtained isothermally at 585°C and a residence time of 26 
seconds, (A - Table 7) and the extent of reaction is only 
Slightly less, 

Runs H and I (Table 12) were supposedly obtained at 
the same pyrolysis conditions, However, the conditions 
must have been different, since the pyrolysis patterns are 
noticeably different. This difference is again due to the 
difficulty in reproducing the flow accurately. 

Comparing run H with the results obtained operating 
pyrolysis tube P,, jsothermally (Table 13), it can be 
seen that the results from the gradient reactor Show a larger 
extent of pyrolysis at a lower temperature than the results 


obtained from the isothermal reactor, For example, run H 
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(Table 12) shows about the same extent of pyrolysis as run 


D (Table 13) and approximately the same pyrolysis pattern, 


Since run D was obtained at a temperature of 615°C and a 
residence time of fifteen seconds it should not compare with 
results obtained by programming from 450°C (to about 530°C 
at a rate of 5°C/sec) unless the pyrolysis times for the 
gradient reactor are greatly in error, and guch a large 
error is unlikely. One speculation could be that the 
mechanism of reaction is changed by the rapidly increasing 
temperature and the gradient reactor therefore yields a 
higher extent of pyrolysis by incorporating a temperature 
range than is obtained by an isothermal reactor operating at 
a> higher temperature, 

Another explanation is that there is a large error in 
the operation of the thermocouple (due to a finite heat 
capacity - see Section 2.05) and the programming rates are 
actually higher than they appear to be, A combination of 
errors (higher program rate and longer pyrolysis times) might 
make the final temperature high enough to account for the 
observed similarity between the above runs, but large 
errors in both programming rate and pyrolysis time would 
be required, More investigation is needed using a system 
in which the flow rate can be accurately controlled, and 
the temperature monitored continuously, to determine if the 
runs obtained from the gradient reactor are valid, and 


the reasons for the observed similarity between runs D 


and H, 
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Table 14 shows the results obtained from the pyrolysis 
Se eee al ether and ethyl acetate in the gradient reactor, 
A comparison is also made with the results obtained from 
the stepped temperature reactor, Again it is apparent 
that more simple Sees are formed in the gradient 
reactor at the same extent of pyrolysis. No rates lower 
than those indicated were tried so it is not possible to 


evaluate the effect of lowering the programming rate, 


3.05 GOLD TUBING REACTOR 


Much research in pyrolysis gas chromotography has been 
directed towards improving reactor performance and the 
reproducibility of the pyrolysis pattern, Reactors of 
many different materials (glass, quartz platinum, stain- 
less steel, gold, silver) have been constructed and used with 
varying success (20), Cramers (2) recommends gold as the 
best metal for the construction of reactors, He found that 
the products formed ina gold reactor are closer to those 
predicted theoretically (19) than the products formed in 
other reactors, Fanter, Walker and Wolf (10) have also 
used gold reactors and discussion at a recent symposium (12) 
gives the impression that gold in the best reactor material, 

Two gold tubing reactors were therefore constructed, 
so that the results from gold reactors could be compared 
with the results obtained from quartz reactors, Details 
of the construction of the gold reactors can be found in 


the Appendix, Table 15 lists the temperatures and the 
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TABLE 14 PYROLYSIS PATTERN OF OXYGENATED COMPOUNDS IN A 
GRADIENT REACTOR* 


products H A 
Reb See SLES Sale ee eee |e 
carbon monoxide 65 
methane | 10 
carbon dioxide | x 
ethylene | 93 
ethane [13° 
propylene + ae ee re eee ee 


es at : : ! 
acetaldehyde 


ethanol 


divinyl ether + 
vinyl ethyl pes 


eet 


acetic acid = 
es | Serieetr 

if 
diethyl Feuer a | 
2 Sl 


ethyl acetate (parent) ) | 


sere setae 


0 92 0,91 0.88 j Oe 90 


extent of reaction 


* Results have not been converted to molar areas before 
normalizacion, 
-- trace, N.S. not separated from other peaks 


CongdiGions of reaction: 

A, T= 500°C, R= 8,3°C/sec, range 500 to 630°C, 

450°C, R = 9.0°C/sec, range 450 to 600°C, 

C&%E, Stepped P, (480°C), Sel a pales yeh (640) 
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= 450°C, R= 9,0°C/sec, range 450 to 600°c, 
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TABLE 15 TEMPERATURES AND RESIDENCE TIMES FoR GOLD 
TUBING REACTORS 


7 


av = 1 (seo71) k(sec"4)/time/temp 
ae S oF 9| for gold for quartz (3.8mm) 
ae san~| tubing 

; as Sey Ear ot aa | = ELE TORE OLE PETTITT 

520 | 15.4 10,06| 0.06] 4.02 x 107? 7.70x107?/16,6/520| 

Re e thes 


540 | 15.0 | 0.13 2, 50x107~/16.0/550: 


ane 


A“ 


7, 55x107°/15.1/590! 


ze 0.85 Ooo tl Bors 107! 1,06x107 1/14, 8/615 
er Ma a ae eS rane | 


3 mm tubing 


O95 mowoG | 2.24 = 10° 


ae eee ee 
GROOT AIG OCse 3.519 er LO 


ee nnn fe A 


7. Ou x 10° 2,71x107~/6,0/545 


- 33. 
residence times at which pyrolysis was done using the 


goid tubing reactors, The k and eee were calcu-~ 
lated as they were in Section 3,02, The k values of the 

gold tubing are sufficiently different from those in 

quartz to result in different extents of pyrolysis at sim- 
ilar temperatures, As can be seen by comparing the data 

in Tables 16 and 17 the extent of pyrolysis in gold tubing 
is less than that in quartz at the same temperature, The 
gold tubing reactor requires a higher temperature to achieve 
the same extent of pyrolysis, This is especially true at 
the lower temperatures and shorter residence times, At 

the higher temperatures and longer residence times the extent 
of reaction becomes similar at similar temperatures (as do 
the k values), Comparing results at the same extent of 
pyrolysis, it can be seen that there is little difference 
in the pyrolysis patterns even though the temperatures are 
different, 

It is important to note that although the residence 
times of the gold and quartz reactors in Table 16 are 
approximately the same, the gold tubing is 1 mm in diameter 
and the quartz tubing is 3,8 mm in diameter, Since the 
pyrolysis patterns obtained from both reactors are similar 
at high temperatures and longer times (Table 27). 1s 
possible that the differences observed in Table 16 are 
partially due to the differences in tube diameter-~the 
smaller diameter tube (larger surface area to volume ratio) 


inhibits the reaction of the free radicals formed, because 


of more frequent collisions with the walls of the tube, 
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TABLE 16 COMPARISON OF THE PYROLYSIS PATTERN OF 2,3-dimethylbutane 
TZ TUBING** 


IN 1 mm GOLD TUBING AND QUAR 


Au®* | Qtz* 
oO ees 
een tds 


products 


See fF Se 


2-butene | 


2-methyl-2- 
butene + 


extent of 
reaction 


* Au - gold tubing, Qtz - quartz tubing ** quartz tubing is 4mm i.d, 


TABLE 17 COMPARISON OF THE PYROLYSIS PATTERN OF 2,3-dimethylbutane 
IN 3mm GOLD TUBING AND QUARTZ TUBING 


= Au Qtz Au Au Qtz Au Qtz |} Au Au 
Temperature C || 529 | 520 580 | 600 | 590 | 620 6151 640 | 660 
(sec) ti S| tole SL | eal | ee eee 


| 15 166 


Ye 


teebucvyiene + 
wy 1, o—-bucvadiene 
co 
i 


WW 
Nw 
ine) 


OPE aoe Cee ee 5 
} 
Rete ne 4 
2,3-dimethyl | 499 | 100 | 100 | 100 | 100 | 100 3 
butane | 
extent of 
reaction 03.95), 0.29 


* Quartz tubing is 4 mm i.d. 
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Figure 3,03 shows a plot of the rate constants of the 
gold and quartz reactors as a function of temperature, It 
can be seen that the rate constants for the quartz reactor 
with a residence time of about 16 seconds, are lower than 
the rate constants ot the quartz reactor with a residence 
time of about 7 seconds, With the gold reactor, the rate 
constants for the reactor with a residence time of about 14 
seconds (3 mm tubing) are higher than the rate constants 
for the reactor with a residence time of about 5 seconds 
(1 mm tubing) up to approximately 610°C, This tends to 
confirm the possibility that there is a significant effect 
due to the differences in tube diameter, 

However,git is likely that the differences in Table 16 
are due to other factors or a combination of factors since 
above 610°C the rate constants for the gold tubing reactor 
are higher for the shorter residence times than are the 
rate constants for the quartz reactor (where the tube dia-~ 
meter is the same for reactors of both residence times), 

For example, the pressure and the flow rate could 
also Have & Significant effect, At high pressures, dif- 
fusion is lower so there is less chance of a free radical 
diffusing to the wall to the pyrolysis tube, If a sample is 
injected into a pyrolyzer with a high flow rate, the number of 
inert molecules surrounding each sample molecule will be 
greater than if the sample had been injected into a pyrolyzer 
with a low flow rate, If the number of inert molecules is 


greater, diffusion will similarily be lower and there will 
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Figure 4.003 Rate constants in gold and quartz tubing reactors as a 
function of temperature. 1.Quartz, T= 7 sec. 2. Gold(l mm) T= 5 sec. 
53. Gold (3 ma) 7:14 sec. 4. Quartz T=.16 seconds 


ae 


~88={ 
be less chance of .a free radical diffusing to the wall 
during its lifetime, Since the time required for thermal 
equilibration is also the time required for a molecule to 
travel a distance approximately equal to the radius of the 
tube, the diameter of the tube would also be expected to have 


an effect of the rate constant, 


3.06 SUMMARY 


From the previous sections it is concluded that an 
isothermal reactor gives the best results for the pyrolysis 
of a specific compound, Furthermore, an isothermal reactor 
has the advantage that it is easily controlled, However, 
Since there is only a small range in which any compound can 
be pyrolyzed to give the most useful information it is 
necessary to make frequent adjustment of temperature and 
residence time to obtain optimum conditions, These 
adjustments require a prior knowledge of the identity of 
the compound to be pyrolyzed, Sinceone temperature can not 
be used to pyrolyze a large range of compounds the usefulness 
and versatility of an isothermal reactor in a PGC system 
Pe, lam? bed, 

A reactor incorporating a temperature range in versatile, 
but the results obtained are not as useful for the exact 
4dentification of an unknown compound as the results obtained 
from an isothermal reactor, This type of reactor however, 


can be useful for fingerprint analysis and distinguishing 
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closely relatedcompounds. It could also be used to gain an 
idea of the identity of a compound so that more careful 
pyrolysis could be done in an isothermal reactor, 

A stepped temperature reactor is relatively easy to 

construct and the results obtained are useful, However, 

it is extremely difficult to control,especially if a wire 
wound tube is used as the basic pyrolysis unit, The relia- 
bility and reproducibility of the reactor could be improved 
if the temperature of each step could be monitored indivie 
dually and continuously, This, however is difficult ina 
wire wound reactor, The use of several pyrolysis tubes also 
increases the pre-column dead space considerably and 
therefore necessitates the use of more drastic programming 
conditions with the analytical column to obtain good resolu- 
GLoOn. 

The temperature gradient reactor is probably the most 
versatile type of reactor of the three types used, The 
results obtained by operating the reactor at low program- 
ming rates compare favorably with the results from the 
isothermal reactor, However, the results are not conclusive, 
and further work is required to determine if the results 
are valid, Because of the versatility of this type of reactor, 
it would be desirable to Imow if the results obtained under 
optimum conditions were comparable to those obtained from 
the isothermal reactor, 

The results from the gold tubing reactors tend to 


indicate that the pyrolysis pattern obtained from gold 
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tubing is not much different then the pattern obtained from 
quartz at the same extent of pyrolysis. This is contrary 
to the conclusions of Cramers but the difference can 
possibly be attributed to the fact that Crammers pyrolyses 
were done at less than ten percent pyrolysis whereas the 
results obtained in this study were extents of pyrolysis 
ranging from ten to about one hundred percent, 

Several comments can be made about the design of the 
reactors used in this thesis, First, a wire wound reactor 
as) Undesirable since it is difficult: to controls, isnot 
uniform and does notyield the best temperature profiles, 
The ease with which it can be constructed does not overcome 
these disadvantages, Futhermore, the temperature of any 
pyrolyzer should be able to be monitored continuously under 
operating conditions if the actual reaction conditions are 
to be known, Monitoring the temperature of a wire wound 
reactor is difficult, I therefore recommend that wire wound 
reactors be avoided where precise control of the temperature 


is essential, 


3.07 SUGGESTIONS FOR FURTHER WORK 


Several possible areas for further work can be seen 
from the results and conclusions in the previous sections, 
The reproducibility and the amount of characterization that 
could be obtained from a gradient reactor could possibly 


be improved if longer reactors and low programming rates were 
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used, It would then be possible to use heating methods other 
than a wire wound reactor, because high programming rates 
would not be needed, One possibility would be to use a low 
heat capacity furnace, Another possibility would be to use 

a quartz tube inside of a narrow wall stainless steel tube 
and heat the steel tube by direct electrical heating in the 
manner of Goforth (14), With either of these methods, it 
would be possible to monitor the heating rate continuously, 

The use of flow controllers with micrometer settings 
and accurate flow meters would also enable the reproducibility 
of the results to be improved, since the flow rate could then 
be set more precisely and reproducibly, Another useful 
addition to the system would be a pressure gauge built into 
the gas lines ahead of the entrance to the pyrolyzer, The 
pressure in the pyrolyzer under actual operating conditions 
could then be easily determined and the flow rate calculated 
accurately. 

A gradient reactor that is heated directly by an electic 
current can be easily automated since there any many devices 
readily available which can automatically program voltage, 

An automated gradient reactor would be extremely useful in 
a PGC system such as that shown in Figure 1.01. The reactor 


temperature could be programmed to the desired temperature 


and then lowered quickly to the initial value, This would 
enable several peaks to be pyrolyzed under the same conditions 
in quick succession, Combined with a fast analytical system 


and a file of fingerprints of known compounds, such a system 
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would make a good “poor man’s mass spectrometer", In addition, 
automation for the programming rate would likely improve the 
reproducibility of the results since manual errors in 

timing the switching would be eliminated, 

To design the best reactor for any pyrolysis it is 
necessary to know how certain basic variables affect the 
pyrolysis reaction, Such parameters as the size of the 
reactor chamber, the material of the reactor, and the 
kinetics of the reaction require additional clarification, 
The results from the Section 3.05 tend to indicate that the 
size of the reactor tubing, and the pressure and flow rate 
of the carrier gas may have a significant effect on the rate 
constant for the pyrolysis reaction, It would be necessary 
to compare the pyrolysis results of several materials 
(especially quartz and gold) under identical conditions and 
to determine the effects produced by each if meaningful 


results are to be obtained, 
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APPENDIX 
A,Ol THE PYROLYSIS GAS CHROMATOGRAPHIC SYSTEM 


A schematic diagram of the system is given in 
Figure A,Q1 
A, Brooks flow controller 
B, Moore flow controller 


C, Matheson rotameter, model 642-B, Matheson of 
Canada, Whitby, Ontario 


D, Welmet Industries Limited type FD1Ol1 furnace 
(for gold tubing reactor) - Welmet industries 
Limited, Welland, Ontario 


E, Pyrolyzer = See Chapter 2 
Feo 4i9r Bath 


G, Aerograph linear temperature programmer = 
Wilkins Instrument and Research Inc,., Walnut 
Creek, California 


H, Porapak Q(Waters Associates, Framingham, Mass, ) 
column 3 meters.x.1/8 inch, 


I, Gow-Mac power supply, model 40-05-C, and 
Gow-Mac thermal conductivity cell = model 9285-D 
Gow-Mac Instrument Co,, Madison, New Jersey 


J, Aerograph digital integrator - model 471-42. 
manufactured by Infotronics Corp,, Houston, Texas 


K, Sargent recorder - model SK- E,H, Sargent 
ana Coy, Ghicago, dilinois, 


L, Thermocouple readout ~ Assembly Products Inc, 
indicating pyrometer mounted with six switch 
selectable thermocouples - range 0-1100°C, 
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The helium carrier gas was used without purification, 
Since purification by passing the helium through a molecular 
seive filled column,at liquid nitrogen temperature, made no 
noticeable difference in the level of impurities (determined 


by mass spectroscopy). 
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Figure A.Ol Schematic diagram of the pyrolysis gas chromatographic 
system. 
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A,02 OPERATION OF THE SYSTEM 


To facilitate the identification of the product peaks, 
the gas chromatograph was operated under "standardized" 
conditions, The column was maintained at 65 2 2°¢C for 
approximately eight minutes (until ethane was eluted) and 
then programmed at five degrees per minute to 220°C, The 
temperature was then maintained at 220°C until all the 
peaks had been eluted( usually no more than five minutes 
after terminating programming). The power supply was 
operated at a bridge current of 200 milliamperes and 
a sensitivity of 900(out of 1000), The thermal conductivity 
cell was operated at a temperature of 230°C, The sample 
size used was 0,7 t 0,1 microliter, 

The product peaks were identified by comparing their 
retention temperatures to the retention temperatures of 
known mixtures chromatographed at the standardized conditions, 
It was found that the retention temperature of the hydrocarbon 
products varied almost linearly with the boiling point of a 
component for all components with molecular weights higher 
than propane, This realtion was used as a rough guide to 
the identity of a component, The above method of identifying 
peaks does not result in an unambiguous identification 
because the column used was not efficient enough to resolve 


all the possible components, For example 1,3-butadiene was 


not differentiated from isobutylene and l-butene, However, 
the method is adequate for the purposes of this study since 


it was not necessary to know the identity of all products, 
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Table A-1 shows the flow rate at the system outlet and 
the pressure in the pyrolysis unit as a function of the 
rotameter reading, The pressure was measured at the entrance 
to the pyrolyzer using a mercury manometer and the flow rate 
was measured at the system outlet using a soap bubble flow 
meter, The flow measurements were corrected to 0°C and 760mm 
of mercury, A graph of the results in Table A-l (Figure A,02) 
was used to determine the pressure and the flow rate in the 
pyrolysis unit under operating conditions, The additive 
flow and the pyrolyzer flow were adjusted separately and then 
both turned on together, since then the readings on the 
rotameters were not reliable when both flow sources were 


used, 


TABLE Aj-1 FLOW RATE AND PRESSURE AS A FUNCTION OF THE 
ROTAMETER READING(*) 


Rotameter Pressure**(mm Hg) Flow rate*** (ml/min) 
Lo a(2) 380 5.9 
i2 (2) LOO 6.4 
202) 485 8,2 
AG ae 2) 540 9.3 
B30) (2) 635 Malas) 
ei) 690 12.9 
ce) 765 14.9 
4o (1) 830 16,4 
45 (2) 950 19.9 
(1) additive flow (2) pyrolyzer flow 


* All readings were taken at a tank pressure of 55 psig, 
atmospheric pressure of 699 mm He, room temperature 
29°C, column temperature 652 2°C, 

## pressure above atmospheric pressure 


##* corrected to 0°C, 760 mm Hg, and for vapor pressure 
of water, 
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Figure A.O2 Calibration of pressure in the pyrolyzer and the 
as a function of rotameter reading. 


we 8) Hpi ihe sae 
yall rpkylaiyt See 


ee seen the ee . 
Str eh SARE ete 


~100- 

During the experimental work it was noticed that the 
peak areas obtained from the integrator were not reproducible, 
even though the pyrolysis conditions were reprodcued accuratee 
ly. This was especially noticeable for the smaller peaks, 
for which the areas varied widely even though the peaks 
appeared to be almost identical, The reason for this behavior 
is that the integrator peak sensing circuitry introduces 
error into the peak measurement which is critical with 
the smaller peaks, A review of various methods of measuring 
peak areas and the errors involved in each method is given 


by Johnson (16) and should be consulted for details, 


To determine whether the errors in the peak areas 
affected the results significantly the method of sampling 
the peak at intervals described by Johnson was used, In 
this method the area of small intervals of the peak are 
measured and the total area calculated as illustrated in 
Figure A,03, 

Equation A-1 is derived with the inherent assumption 
that the baseline is changing uniformly. When the formula 
could not be applied exactly because of overlapping peaks, 
it was assumed that the baseline changed uniformly and the 
valley between the peaks was used as a dividing line, That 
is, the area up to the peak valley was assumed to be the 
area of the first peak, and the area after the peak valley 
was assumed to be the area of the second peak, This 
assumption is reasonable if the peaks are approximately the 
same size and the amount of overlap is small, If the base- 


line was obviously non-uniform, attempts were made to 
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Figure A.0% 
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An = peak’area corrected for baseline drigt 
A= sum .of ainitervel areas in gvime ty (peak 


area. before baseline correction) 

A. = sum of interval areas under segment of 
Closest baseline preceding peak 

Ar = Sum of interval areas under segment of 
closest baseline following peak 

%, = width of segment for A,, sec 

ty = width of segment for Ar, sec 

t= width of segiient Tor A, sec 

d,; = time delay between midpoints of A, and A, 

dp = time delay between midpoints of A, and Ap 


Calculation of peak area corrected for baseline drift. 
(from Johnson(1é)) 


(sec) 


(sec) 
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approximate the varying slope by using different slopes for 
various intervals, 

The areas that were obtained from the sampling 
technique were more reproducible than the areas obtained from 
the digital integrator alone, even though extensive approxima- 
tion of the baseline was often necessary, However the gain 
in reproducibility of the small peaks was not considered 
worth the considerable time needed for calculating the areas 
of the peaks, In addition the areas of the major peaks were 
not changed significantly, It was therefore decided to 
operate the system using the areas printed out by the 
integrator in its regular mode -- this however, limits the 
precision with which the smaller peaks can be measured and 
may be a determining factor in lowering the reproducibility 
of he pyrolysis pattern, 

The areas obtained from the integrator were converted 
to molar areas using the response factors given by Dietz (8). 
All calculations (unless otherwise specified) were based 
on the molar areas and not the peak areas since the molar 
ratios have more significance than area ratios, Using area 
ratios can change the appearance of the product distribution 


considerably (see Table A-2) and should be avoided, 


A,03 STEPPED TEMPERATURE REACTOR 


The residence times for the pyrolysis tubes designed 


to the specifications in Table 1 (Section 2.04) can be 
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calculated from the equation 


ae 


Assuming that F, = 10ml1/min and LW oo 300°K the residence 
times for the pyrolysis tubes are: 


Pe Tors LOCC be = 6,0 sec 


tp 

Eten HOO fC aw cy =—onoesac 
ae ieee 560 CG 0 = eo sec 
Py T., 600° Co 60, = ooo sec 


TABLE A=-2 COMPARISON OF PYROLYSIS PATTERN OF 2,3-dimethylbutane 
USING MOLAR AREAS AND PEAK AREAS 


W : 17ea0] 7 
Products Peak Molar Normalized Normalized 
4 . peaix peak 
e “ 
Area Area Bro molar area 


< 


methane | 1G, OOO 3270 72 100 
ethylene [4,230 920 Sis 28 


isobutylene + 
1,3-butadiene 
CLAWS —F Cis 
6 
2-methyl-2- 
puvene =| 
2, 2-Gimethyl 
butane 


2,3-dimethyl- 
2-~butene 


extent 
Meeacic1.oOn 


* composed of propylene + propane; propylene = 100 
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When the pyrolysis tubes were constructed the lengths of 
the constant temperature zones and the flow rate were found 
to differ slightly from what was Specified in Table l, and 
the pyrolysis temperatures used differed considerably from 
the temperature specified, Some data for the temperature 
profiles can be seen in Tables A-3 to A-6 and graphs of this 
data are given in Figures A,O4 and A,05, The actual measured 


flow aes: was 17 ml/min, From the pressure calibration 


(Figure A,02) the flow at the entrance to the pyrolyzer 


can be calculated as follows: 


0 700 
i3 Poy i Toho 77 wi /min 


Table A-7 gives the actual residence times in the pyrolysis 
tubes at several temperatures, Values in Table A-7 marked 
with an asterisk are the values for which the reactor was 
originally designed, However, since few of the samples 
used were pyrolyzed significantly below 500°C the actual 
operating range of the reactor was 500 to 6450C, Some 
residence times for actual runs are given in Table A-8, 

It can be seen from Table A-8 that the times vary by about 
one to one and one-half seconds from the first pyrolysis 
tube to the last tube, with the last tube (the hottest 
tube) having the longest residence time, This is the 
opposite of what would be desired (the tube at the low- 
est temperature should have the Longest residence time to 


obtain the best results) but the times differ so Sslicntly 


that no attempt was made to correct this "fault, 
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TABLE A-3 TEMPERATURE READINGS* AS A FUNCTION OF DISTANCE 
ALONG PYROLYSIS TUBE FOR PYROLYSIS TUBE P, (no flow) 


TABLE A-4 TEMPERATURE READINGS* 
ALONG PYROLYSIS TUBE FOR 


16 


: O 
* Temperatures to nearest 5°C 


Median temperature = 
525°C over constant 

zone (*~*) 

probable deviation 5°C 


14/20 readings 525 
19/20 readings 525 


Lee 1 
ue a ohe!s: 


constant temperature 
Zone = 20cm, 


AS e FUNCTION OF DISTANCE 
ROL Yous TUBE E 5 (no flow) 


Median temperature = 
590°C over constant 

zone (*-~*) 

probable deviation 5°C 
18/20 readings 590 + 5°C 
Temperatures raised about 
5°c when P, also on, 


constant temperature 
zone = 23 cm 
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TABLE A-5 TEMPERATURE READINGS* AS A FUNCTION ON DISTANCE 


ALONG PYROLYSIS TUBE FOR PYROLYSIS TUBE P, (no flow) 


Distance Bt Pape Temp 
OC O : 


cm 


| 
| 
- 16 570 


oa 19 570 Median temperature = 
3 555 18 580 575 (Over constant 
x 4 560 19 575 zone ("=") 
2 A ee ee probable deviation 5°C 
7 570 22 580 all readings 575 + 5°C 
: ee : si ae Temperature raised about 
10 680 sd] 69 5°C when P, also on. 
ae a | = a Ce 
13 580 58 B06 zone = 5 Cl 
14 Die £9 530 
5 Da 


* Temperatures to nearest 5°C 


TABLE A-6 TEMPERATURE READINGS* AS A FUNCTION OF DISTANCE 
ALONG PYROLYSIS TUBE FOR PYROLYSIS TUBE Py (no flow) 


| Distance |Temp || Distance | Temp 
com . em ne 
4 ey, Doo 
ne 1 5S Median temperature = 
of ae 535 over constant 
zone (*~* ) 
5 21 535 a 
6 a2 540 probable deviation 2,5°C 
f oe ee 23/26 readings 535¢ 5°c 
9 Zo 52) | 
40 yA 530 constant temperature 
aba 27 525 zone = 26 cm 
a2 8 525 
13 Pay) ae 
14 30 N85 
15 oy 270 
16 


* Temperatures to nearest 5°C 
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Figure A.O44 Temperature profiles of pyrolyzer tubes. 
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Figure A .05 Temperature profiles of pyrolysis tubes. A. Pyrolysis 
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TABLE A~? RESIDENCE TIMES FOR PYROLYSIS TUBES IN THE 
STEPPED TEMPERATURE REACTOR AT SEVERAL 
TEMPERATURES 


Tem ; | 


H10* ToT) 7 
530* 6 
580 6, 
620 6 


| 


550 @ 
560 7 
630% 6 
6440 6 


TABLE A-8 RESIDENCE TIMES FOR PYROLYSIS TUBES IN THE 
STEPPED TEMPERATURE REACTOR IN SOME TYPICAL 


PYROLYSES 
Tube | Temp °C qv sec | Tube | Temp °C 0 sec 
Py 535 Py 600 5.0 
Po 560 Po 600 6.4 
P. 599 Ps 600 6u7 
Py 620 oh 600 eae 
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The diffusion coefficient can be calculated by the 


method of Chen and Other (5) 


> - D205. be aque veoNone 
p tle ke ete ree, 
1 Ss 
10°,000 ies 400 


where Ds 9 is the dittusion coefficient of 2 in 1; Tis the 


temperature (°K), p is the pressure in atmospheres, My and 


Mo are the masses of species 1 and 2, Tel and too are 
the critical temperatures of species 1 and 2, and ay and 
ee are the critical volumes of species 1 and 2, 


For the diffusion coefficient of helium in helium (Da eune) 


Toy = T.2 = 54 25°K 
My = Mp = 4,00 
Veie= Vas “= 5.76 cc/mole 


thus the diffusion coefficient of helium in helium can be 


evaluated 
298°OK D 
1 atm He-He 
823°K 
2 atm He-He 


2 1 


= 1.95 cm sec” 


2sec7t( approximate pyrolysis 


conditions) 


=- 6,13 cm 


298 OK 


2 on 
5 atm He-He - 0,98 cm sec 


Benzene and normal hexane can be considered typical 


sample molecules, The diffusion coefficients of these 
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compounds are: 


298 °K 


deen Mes 
1 Bea veubanecne = 0,384 em secv1 (from Giddings(13)) 
298 °K ~~ 
14 atm’He-n-hexane = 9-313 cm sec (calculated from 


data of Giddings) 


The diffusion coefficient at different temperatures 
and pressures can be calculated by realizing that the diffusion 


coefficient varies as qoeee ana pt 


Using the results for the diffusion coefficient 
obtained above, the time taken for thermal equilibration 
can be calculated from the equation 


OvOTs 
D 


tec 


At 298°K and two atmospheres pressure the time taken for 
thermal equilibration with helium diffusing is about 0,019 
Seconds, A sample molecule (n-hexane) under the same con- 
ditions requires about 0.12 seconds, At 550°C (823°K) 
the time for helium to diffuse to the wall of the tube 
(the thermal equilibration time) is about 0.003 seconds, 
“n-Hexane under the same conditions requires 0,015 seconds, 
The actual transition time is difficult to calculate 
because the temperature is increasing exponentially in the 
transition zone, However, an approximate value can be 
| obtained by using the flow rate at the median temperature 
to calculate the time in the transition zone,, Assuming the 
temperature in the transition zone increased from about 
325°K (50°C) to about 850°K (580%C) the median temperature 


in about 590°K (315°C) The transition time for various 


rue) bein wo they) 
aes ma. 2b noah y = 


' - a 
Tee | wT ae Ne 

aT Py eae 5% eee | fy ie tern 327 tone. ole TTL s r Py 
ak 
‘ Pend ‘itgay vc hel vino fds off. tho ewraa smu Be i b.. 


"4 dine, Oe eoftey ‘hipsarieate 
7 ne 


r) 


penvnlt ety 304) arfiass. one ante 


' 


Towels t4)-stodns ete, att rota tnt nh 


saktostes at! orci, desalosies ad 8 
| | ake 


Tie - 
o- 4 Pi] 
¢' 
7 7 
Bars Siiy ices Sure Agvotehe ord ite 2 GOS A 


Agaiwonobfouss £1 rhe Lams 

“epee “wvest) sitonfon «fame h 
}' IPOs oh Res Sevres Piet Sure hot iwnat ‘eatos 
i to UfGe edi a? wastts e9 rd fet Tov suid i 
0. Sawn os sate ho weds tts pres] fnorvertd ore) 
Thee yw. EMIELO OSS ba aici toate mane ate eer 


fislao os tLUGR SIRE Be ile notienet? ined a as 


tite = a : 
» 


‘4 me ry sme 
- i) oe 


= 
fs ak 
fonk “hbeletpyetans ect maeveant wl | writ et neein? oom Le 


’ F ote ee el xonqya fa isvemel, nieit 


ty toe heed ee aig ene bu ota wash, acts 
Ky 


Sha eh eat PSerers. aottigne:? wAr. mee 


tvace 2 ion bolngon 2 eros hts 


+ 
s. 


t 
Ww 
‘ 


a 
ts 


ths eteater, asthen rid (Mey J 


of 
72 dn a ae 
ae f 


-112- 


transition zone lengths can then be calculated using the 


following equation 


2 
t, = OE aes i me ree ase 


Where L is the length of the transition zone and T,.q is 
me 


the median te . Ai 
ian temperature, The transition times for various 


lengths of transition zone then become: 


BOP p= ee onCh. ee = 14.0 sec 
= 3,0 cm | = 1,2 sec 
= 4,0 cm = 1.6 sec 


Assuming that an average residence time is approximately 


6.5 seconds and an average transition time is about ae ee 


seconds, then: 
ies iicsy meer eer 
ae 6.5 


This value for Bas aoe of transition time to the residence 
time is high, However the time the sample spends within 
ten percent of the pyrolysis temperature is the erivical 
time (the time during which pyrolysis Walle occur), and this 
time would be considerably less than the total transition 
time, The high ratio of transition time to residence time 
must be considered to be a disadvantage of this type of 


reactor since extensive modifications would be required to 


decrease the transition time. The time required for thermal 


equilibration is small compared to the transition time and 


can be ignored, 
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A,O4 TEMPERATURE GRADIENT REACTOR 


Table A~9 shows some date for the change of temperature 
with time in the gradient reactor, Figure A-06 shows the 
plot of temperature as a function of time that was obtained 
for the temperature gradient reactor starting at an initial 
temperature of 500°C, The sradients obtained starting at 
an initial temperature of 459°C are given in Figure 2,18, 

It was decided to operete the pyrolyzer with a 
pyrolysis time of about 15 seconds, This time is long 
enough to allow a considerable range of temperature to be 
obtained, The flow rate at the initial temperature required 
to obtain the desired pyrolysis time can be calculated 


from Equation 2-13, The flow rates required for a rate of 


TABLE A-9 PROGRAM RATE AND TEMPERATURE AS A FUNCTION OF 
WATTAGE APPLIED TO THE GRADIENT REACTOR 


Initial temperature 
500°C. (170) watts) 


Initial temperature 
450°C ( 130 watts) 


W = wattage applied to the reactor 
AW = the difference in wattage applied and initial 
wattage 


Temp = the temperature attained Na seconds 
Rate = the program rate in degrees per secon 
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ie) Cm 
9°C/second and T, of 450°C is 10,6 ml/min, For R=8,3°C/sec 
and T, = 500°C the flow required is 10,8 ml/min, These 


flow rates are at the initial temperature; if they are 
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Figure A.06 Temperature gradients obtained fyom the gradient reactor 
starting at an initial temperature of 500°. Numbers on the graph are 
the programming rates in degrees Centigrade per second. 
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corrected to 0°C they become 


i 


o 
273 on ( for T = 450°C) = 4.0 m/min 


H 


hee ( for T)= 500°C) = 3,8 ml/min 
These are extremely low rates and are difficult to control 
precisely. 

The actual flow rate(F_) under operating conditions 
was 8,2 ml/min( with Pay operating only). The flow setting 
of the system were Foy = 20,5 an = 23 and the total 
pressure 1700 mm He, The actual flow rate at the entrance 
to the pyrolyzer can thus be calculated as Ee = 3.7 ml/min, 
The pyrolysis time that would result from this flow can be 
calculated from Equation 2-14, For T, = 500°C (773°K) 
and R = 8,3°/sec the pyrolysis time (4) is 15.6 seconds, 
Table A-10 shows the pyrolysis times obtained for an initial 
temperature of s5q°c and various program rates, As can be 
seen the pyrolysis in time increases as the rate decreases, 
The pyrolysis time that would result if the flow rate were 


TABLE A-10 VARIATION IN PYROLYSIS TIME WITH PROGRAMMING RATE 
AND FLOW RATE 


2, liyoveie T = 450°C 
=29¢/7 ml/min F 3,3 ml/min 
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decreased by ten percent is also shown, It is apparent that 
a considerable error can be introduced into the temperature 
range (and the final temperature) if the flow changes, The 
minimum error caused by flow changes of ten percent is about 
eight degrees centigrade, However a change of even this 
amount can result in a considerable change in extent of 
pyrolysis, When it is considered that a ten percent change 
in the flow rate is only about 0.4 ml/min and controlling the 
flow with the precision is extremely difficult, it can be 
seen that the errors in the temperature range could be 
relatively large. The pyrolysis times and the temperature 


ranges quoted are thus only approximate, 


A,05 GOLD TUBING REACTOR 


For the purpose of comparison with the results obtained 
from quartz tubing, two pyrolysis tubes made from gold 
were constructed, The tubes were heated in a small furnace 
and the temperature measured by placing a thermocouple into 
the furnace cavity. Figure A,07 shows the general construction 
of the pyrolysis tubes, 

A,O05-1 3 mm diameter Gold Tubing 


Specifications: 
inside diameter - 3 mm 
wall thickness - GO. 0 25.41 nto 
length 99 cn, - 97 cm inside pyrolyzer 


Volume of constant 3 
temperature zone - 6,85 cm 
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Coil wound into 
Spiral 39 cm. in diameter 
and 5 cm high (see Figure 
Heys 
Because of the large volume of the reactor it was 
necessary to use high flow rates to obtain pyrolysis times 
of ten to twenty seconds, Pyrolysis times of less than ten 


seconds were not obtained, To obtain times of less than ten 


seconds the experimental apparatus would have to be modified 


extensively. 
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Figure A.O7 General construction of the gold tubing reactors. 
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Under operating conditions; 
Poy = 19.9 ml/min, total pressure = 1650 mm Hg 
thereofre F, = 9,2 ml/min, Table 15 (Section 3,05) gives the 
residence times that result from this flow rate at various 


temperatures, No effort was made to adjust the flow rate 


So that the residence times were equal because it had 
been previously found that making small corrections in 
the flow rate was difficult, and excessively time consuming, 


A,05-2 1 mm diameter Gold Tubing 


Specifications: 
inside diameter 1 mm 
wall thickness 07020 inen 
length 100 cm 95 ecm inside pyrolyzer 


Volume of constant 
temperature zone 


Coil wound into 
Spiral 3 cmlan 
Giameter and 3 cm 

high (see Figure A+07) 

Because of the extremely small volume of the reactor 
made from the 1 mm diameter gold tubing, it was not possible 
to obtain residence times longer than seven seconds without 
modifying the system, To obtain a pyrolysis time of about 
six seconds the reactor had to be operated at low flow rates, 
The operating conditions were: Foy - 6 ml/min 


F odd = 11,8 ml/min 
total pressure = 1735 mm, Hg 
The flow rate at the entrance to the pyrolyzer can thus 
be calculated as F, = 2,6 ml/min, The residence times that 


resulted from this flow rate at various temperatures are 


eaven inetable 15 (Section 3,05). 
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